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When a metal is dipped in. a solution of its ions, 
as, for example zinc in an aqueous solution of zinc sul-
fate, there is a tendency for the metal to pass into solu-
tion as ions and a:lso for the ions from the solution to 
discharge on to the metal as neutral atoms. These two 
simultaneous processes can be represented by the reversi-
ble reaction 
Zn++ + 2e ~ Zn° 
When equilibrium is attained, i.e., the two 
reactions proceed at equal rates, the reversible potentiaJ 
of the electrode will be established. This reversible 
potential (E0 ) must be measured under such conditions tha1 
no net current is passing through the circu1 t, for other-
wise the flow of electrons will upset the equilibrium. 
If now the potential (E) of an electrode is measured whilE 
ions are flowing across the metal-solution interface at a 
rate represented by the current, then invariably, E dif-
fers :rrom the reversible potential E0 • We define 
E - Eo = ~ •••••••••••••••••••••• (1) 
as the overpotential of the electrode process at a given 
2 
current density. 
If the electrode is made a cathode, and is asso-
ciated with the electrode process of hydrogen evolution 
from the solution, then the overpotential as defined by 
equation (1) is the difference in potential between a 
working electrode and the reversible hydrogen electrode1 
and is called hydrogen overpotential or hydrogen overvolt-
age, the latter being more Widely used in the United 
States. This definition may be expressed mathematically 
~= 
~ = E - EH •••••••••••••••••••••••• (2) 
Thus, the hydrogen overvoltage is simply the potential of 
a working electrode as measured against a standard normal 
hydrogen electrode at a given current density. In actual 
measurement, the hydrogen electrode, being very incon-
venient to use, can be replaced b¥ any other standard re-
ference electrode with a definite constant potential. 
The hydrogen overvoltage has been defined as the 
difference between the potential of the workill6 electrode 
(cathode) and the theoretical reversible value for the 
same solution. This definition brin5s out the difficulty 
involved in the measurement of the "theoretical reversible 
potential for the same solution 11 , as the potential of the 
hydrogen electrode in such a solution is usually different 
from the value of a standard reversible hydrogen electrode, 
for. Which the activity of hydrogen ions is set as being 
111 u and the potential arbitrarily set as being 110 11 • 
Besides, it is sometimes necessary to add addition agents 
to tve solution to explore their influences on hydrogen 
overvoltage,and these addition agento may be harmful as 
poisons to the platinized platinum of the hydrogen 
electrode. 
3 
An older definition of hydrogen overvoltage is to 
define it as the difference hetween the potential of the 
electrode when evolution of hydrogen is actually observed 
and the theoretical reversible value. The difficulty with 
tl1is definition is the uncertainty of accurat ly measuriI16 
the point at which visible evolution of hydrogen gas in 
the form of bubble occurs. According to 3aars l) this 
definition has no significance at all without mentioning 
1) Baars, E., and Kayser, C., Zeitschrift rur Elektrochmie 
2§., 436' ( 1930) 
current densi t~r, because the latter has been well es tab~ 
lished as being one of -Ghe Illain factors 3overning the 
change in overvolte.~e. In order to distinguish bet,·1een 
the overvoltage measured at a defjnite current density and 
that corresponding to the start of hydrogen evolution, the 
latter has been referred to as "minimum overvoltage 11 or 
11bubble overvol tage". The chief interest in t:ti-1s investi-
gation, is the hydrogen overvoltage as measured at a de-
finite current density, and hence defined by equation (2). 
No effort was made to study the so-called "bubble over-
vol tage 11. 
4 
If hydrogen overvoltage is to be defined by equatio 
(2) as a difference in electrode potentials, it should 
obviously be a negative quantity, as the working electrode 
is a cathode, a...~d so E is more negative than EH' which is 
the potential of the standard reversible hydroBen elec-
trade, and is assumed to be zero. Frequently, however, 
the hydrogen overvoltage is referred to as a numerical 
quantity without mentioning its sign, as calculated from 
1l = EH - E. In this dissertation, the hydrogen overvoltag 
is alloted its correct sign according to equation (2), to 
match the potential measurements, and to avoid c0nfusion 
in theoretical treatments. Consequently, when we say 11a 
decrease in hydrogen overvoltage 11 , we mean that the poten-
tial becomes more negative, a.nd conversely, "an increase 




Hydrogen overvoltage is influenced by many factors 
In an excellent review article, Bockris 3) listed 
2) Strauman1s, M. E., and Schwab, G. M., Handbuch der 
Katalyze, Vol. VI, 132, 151-162, (1943} 
~) Bockris, J. O'M., Chemical Reviews, ~' 525-577, (1948) 
5 
seventeen factors, divided into electrode and solution 
factors, which affect hydrogen overvoltage. These factors 
are catalogued here to show the complexity of the pheno-
menon. They are: 
A. Electrode Factors: 
1. Current density 
2. Temperature 
3. Change of state 
4. Pressure 
5. Time 
6. Electrode material 
7. Surface properties 
8. Diffusion through the cathode 
9. Shape and curvature of cat:bode 
10. Alloy formation 
B. Solution Factors: 
11. Hydrogen ion concentration 
12. Foreign salts 
13. Solvent 
14. Catalytic poisons and activators 
15. Gaseous depolarizers (such as oxygen) 
16. Colloids 
17. ~adiation (such as ultraviolet li5ht and 
supersonic waves) 
In spite of the complexity involved, hydrogen over 
6 
voltage has become one of the problems of great modern 
interest, chiefly because of the important role it plays 
in both the electrodeposition and corrosion of metals. 
In the electrodeposition of metals from aqueous so-
lutions, which always contain hydrogen ions, it is impor-
tant to know whether it is the metal ions or the hydrogen 
ions that will be preferentially discharged. This outcome 
depends largely on the hydrogen overvoltage on the metal. 
In general, it can be said that if the hydrogen overvol-
tage on the metal to be deposited is more negative at all 
current densities than the electrode potential of the 
metal to be plated out, only the metal will be deposited. 
Conversely, if for all current densities, the hydrogen 
overvoltage is less negative than the electrode potential, 
only hydrogen will be discharged. Co-deposition of metal 
and hydrogen will occur when the hydrogen overvoltage is 
equal to the electrode potential of the metal. 
The corrosion of metals is mainly electrochemical 
in nature. The rate of corrosion of a metal is chiefly 
governed by the emf. of the local cells formed, and can be 
expressed by the equation 4 , 5): 
4) Straumanis, M. E., Korrosion u. Metallschutz, 9, 1-11, 
29-36, (1933) 
5) Straumanis, M. E., Korrosion u. Metallschutz, 14, 81, 
(1938) 
7 
v = K z I "YI - £.' (3) r ••••••••••••••••••••• 
in which v 
-
rate of corrosion in adequate units 
z• number of active cathodes per unit area 
11 potential of the local cathode 
e' potential o:r the local a.node 
r resistance of the circuit 
and K a constant consistent with the units used 
for all the variables 
Most frequently the corroding medium is either some aque-
ous solution or an atmosphere containing moisture, both of 
which contain hydrogen ions. In such cases ~ can be re-
placed by the cathodic hydrogen overvoltage. The less 
negative is the hydrogen overvoltage of the local cathode, 
the greater will be the emf., and the more hazardous will 
be the corrosion. There:rore, the hydrogen overvoltase on 
a metal is useful information in predicting whether the 
presence of this metal will·be detrimental by acting as a 
local cathode, and subsequently causing corrosion of some 
other metal. The rate of corrosion of a certain base 
metal can be appreciably decreased by mak1ll6 the overvol-
tage of the local cathodes more ne5ative in several dif-
ferent ways, e.g., by adding 11 cathodic inh.ibi tors 11 • 
Titanium is a metal that has gained tremendous in-
terest and increasing importance during the last decade. 
Various researches are still being carried on in numerous 
8 
laboratories and plants to eX1>lore the properties, alloys, 
etc. of this metal. At the present time there is little 
knowledge about the hydrogen overvolta0e on this metal, 
and it is known only that the hydrogen overvoltage is 
high. In view of the importance of this topic, it seemed 
worthwhile to investigate it to furnish some information 
of titanium in this aspect. It '\·Tas with this intent in 
mind that the present research was carried out. The prob-
lem was attacked by usill6 both impure and pure ti tan1um in 
different kinds of electrolytes, with and without addition 




There is such a vast amount of li•erature on the 
subject of overvoltage that it would be too lengthy and 
im~ractical to describe it here. Selected bibliographical 
abstracts concerning polarization and overvoltage have 
been prepared by Schaefer and King 6 >. These abstracts 
6) Schaefer, R. A., and King, W., Plating, 2.2_, 487-494, 
- 627-634, 769-780, (1952) 
containing approximately two thousand reference titles 
cover a wide selection of literature from various sources 
all over the world, datin5 from ln75 to 1951, and serve as 
an invaluable literature review on this subject. 
1-:any additional papers about overvol tage have been 
published since 1951; some of these are as follows. Bock-
ris and Azzara 7 > measured the hydrogen overvoltage on uch 
7) Bockris, J. O!M., and Azzam, A. M., Transactions of the 
Faraday Society, 48, 145-160, (1952) 
metals as mercury, tungsten, silver, ni~kel, platinum, and 
palladium in 5 N HCl at current densities from 10-3 to 100 
~peres/cm2 and proposed the mechanism thereof. Senett 
and Hiskey S) studied the hydrogen overvoltage on an elec-
10 
trodeposited copper cathode. They found a constant ratio 
of overvolta5e to the slope of the nafel lines, at cons-
tant current density; despite a three-fold slope varia~ 
tion, from 45 to 117 millivolts, with time and el~ctrode. 
Hillson 9 ) correlated the heat of adsorption of hydrogen 
8) Senett, W. P., and Hiskey, c. F., Journal of American 
Chemical Society, 74, 3754-3760, (1952) 
9) Hillson, P. J., Transactions of the Faraday Society, 
- ~' 462-473, (1952) 
and oxygen with the ~..ydrogen overpotential on a number or 
metals such as mercury, nickel, tungsten, tantalum, gold 
and silver. Schuldiner lO) studied the hydrogen overvolt-
age on bright platinwn electrodes and found, as current 
density increased, three different ll (overvoltage) versus 
1 (current density) relationships. 
Gill ll) found that the hydrogen overvoltage on 
10) Schuldiner, s., Journal of the Electrochemical Socie-
ty, 22_, 488-494, (1952) 
-
11) Gill, c. B., A Study of the Dissolution of Titanium 
_ in Acids with .Ammonium Fluoride Added, Ph. D. Thesis, 
University of ~fissouri, pp. 156-171, (1952) 
copper and platinum was decreased if ammonium fluoride wa 
added to the electrolyte. Ee noticed that the ~ constant 
in Tafel 1 s equation decreased uith the concentration of 
ammonium fluoride added, while the £ constant (or the 
slope of the Tafel lines) was influenced only slightly. 
There is no available literature at the present 
time concerning the hydrogen overvoltage on titanium. 
Some data about the bubble overvoltage were reported by 
Thiel and Hammerschmidt 12 ) in 1924. They observed a 
12) Thiel, A., and Hammerschmidt, W., Zeitschrift fur 
A..~organische Chemie, 132, 23, (1924) 
11 
value of -0.236 ± 0.009 volt at 25°C in 0.01 N H2 SO~; the 
current density at which the measurement was made was not 
mentioned. 
This lacy of information concerning the hydrogen 
overvoltage on titanium was one of the main reasons for 
selecting the present investigation. 
CHAPTER III 
A Survey of the Theories of 
Hydrogen Overvoltage 
12 
The conflicting experimental data, conclusions, 
opinions, and theories expresaed about overvoltage in the 
literature are adequate proof of the obscurity and com-
plexity of this phenomenon, and considerable differences 
still exist among the theoretical views of modern authors. 
The essential difrerence in their opinions has to do with 
the various assumptions about the rate determining stages 
during the electrolytic evolution of hydrogen. 
The main processes occuring at a cathode during the 
electrolytic evolution of hydrogen can be divided into two 
parts: 
(A) Discharge of hydrogen ions: This again involves 
the followin~ processes: 
~ 
i. The transport of the solvated ion to a 
position in the double layer at the elec-
trode interface, where it can be regarded 
as being adsorbed. 
ii. Neutralization of the proton, either by 
(a) electron transfer to the proton, or 
(b) proton transfer to the electron-
donating point at the metal surface. 
iii. Desolution of the proton. 
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iv. Adsorption of hydrogen atoms produced in 
stage (11) by the cathodic surface. 
(B) Combination of entities on the electrode sur-
face to form hydrogen molecules. This involves the de-
sorption of the hydrogen atoms by 
1. catalytic combination 
ii. combination with another proton and an 
electron. 
If the solvent molecule with which the hydrogen ion 
is solvated is represented by B; and the cathode material 
by M, these reaction paths can be represented approximate-
ly (not mathematically) as follows: 
BH+ + e = B + MH; BH+ + l-1H + e = H2 gas 
BH+ + e = B + MH; BH+ + MH = BH!° + M; 
BH! + e = Ha gas + B 
B + B + e = MH + B 1 + B n ; MH + }lffi = Ha gas 
BH+ + e = B + !tlH; MH + MH = Ha 5as 
Bockris l3) depicted these reactions by a diagram 
... 
13) Bockris, J. O'M., Overpotential, Chapter VII of Elec-
trical Phenomena at Interfaces, edited by J. A. V. 
Butler, pp. 155-189, Methuen & Co. Ltd., London, 
(1951) 
Which is reproduced here for ready reference. (See Figure 
1). 
14 
nB-H+ ~ nB-H+ _ __,..,.. B-H--+ H ~ H-H--. M• • • F"2 --• Ha 
{ soln.) l 2 3 4 5 6 






Diagram showing the possible reactions 
during the elect.rolytio evolution or 
hydrogen at cathode. J. O'M. Bookr1a. 
Explanations: 
1. Transport to electrode. 
2. Neutralization in the double layer. 
3. Deso1vat1on of the neutral complex. 
4. Adsorption of the neutral atom. 
5. Reaot1on ot two adsorbed atoms. 
6. Desorption of the hydrogen molecule. 
7. Transfer of proton to absorbed solvent molecule 
and neutralization. 
8. MBH reacts as MH. 
9. Solvated proton or solvent molecule reacts with a 
:rree atom. 
10. Reaction of a solvated proton or solvent molecule 
with an adsorbed H atom. 
11. Formation of a hydrogen molecule ion. 
12. Formation of a.neutral molecule. 
13. Neutralization. 
14. Direct combination. 
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Various stages in the reaction paths just mentioned 
have been assumed to be rate-determining. A tabulated 
compilation of the principal modern theories of hydrogen 
overvoltage was prepared by Bockris l3), and is reproduced 
13) Ibid., 169 
here in Table I. 
Table I 
Principal modern theories of hydro3en overvolta.ge 
Original 
authors Postulated slow reaction Wame of mechanism 
Smits 14) 
Horiuchi l5) 






+ Q --.; - B + MH 
+ e= B + Ha 
B + e= l-'1P. + B' 
Tafel 17 ) !vIH + MH = H2 + 2 M 







= H2 gas + B + M Electrochemical 
D. Dual theories 
Kobosew 19 ) MH + MH = H2 gas + 2M Catalytic 
BH+ + MH + e = B + He gas 
+ M Electroc~em1cal 
Frumkin 20 ) BH+ + e = B + M.:i Slow discharge 
B~ + MH + e = B + H2 gas 
+ M Electrochemical 
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For a review of older theories see 21 >. 
14) Smits, A., Z. Elektrochem., 2Q., 214-223, (1924) 
15) Hirota, K., and Horiuchi, J., Bull. Chem. Soc. Japan, 
1:2,, 228-233, (1938) 
16) Eyring, H., Glasstone, s., and Laider, ¥. J., Journal 
of Chemical Physics, 7, 1053, (1939) 
17) Tafel, J., Z. Physikal Chem., 2Q. A, 641, (1905) 
18) Horiuchi, J., Okamoto, G., and Hirota, K., Sci. Pap. 
Inst. Phys. Chem. Res. Tokyo, 29, 223, (1936) 
19) Kobosew, N., and Nekrassow, N. I., z. Elektrochem., 
2.Q., 529, (1930) 
20) Frumkin, A., Journal of Physical Chemistry, Russia, 
~' 886, (1940) 
21) Bennet, c. W., and Thompson, J. G., Journal of Chemi-
cal Physics, g_Q, 296, (1916) 
The aforementioned equations are incomplete expres-
sions of the theories, and do not indicate the detailed 
mechanism of the reaction. 
According to Bockris l3) the theories of hydrogen 
13) Bockris, J. 0 1 li.1., Op. Cit., 170-171 
overvoltage can be divided into two 111-defined groups, 
depending on whether the rate determining process is the 
discharge of hydrogen ions or the combination of entities 
on the electrode surface. 
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(A) The slow discharge theories 
The principal modern contributions to the slow dis-
charge theories can be divided into rour sub-groups. 
These are described briefly as follm·rs, without going into 
the details of the mathematical treatment. 
22) 
• 
1. General slow discharge theories (Frumkin) 
In the work of this author, the discharge reaction 
BH+ + e = MH + B 
is treated as a single, slowest rate determining process, 
without detailed consideration of process (11)a, (11)b, 
(iii), or (iv) of the preceeding. F"~umkin states that his 
version of' the slow discharge theories does not distin-
guish between (ii)a or (ii)b • 
. 
2. The (energy level) slow discharge theory 
(~olany1 23), Butle; 24>). The discharge reaction is con-
sidered without reference to a detailed mechanism, but 
22) Frumkin, A., Acta hysicochem., 1, 474, (1937) 
-23) Polanyi, M., and Horiuchi, J., Acta Physicochem. u. s • 
. S. R., 2, 505, (1935) 
24) Butler, J. A. V., Proceedings of' the Royal Society of 
_ London, 157 A, 423, (1936) 
conditions for discharge are worked out on a potential 
energy diagram basis in terms of the properties of proton, 
solvent, and metal. 
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3. Molecular hydrogen ion theory (Horiuchi 15). 
15) Eirota, K., and Horiuchi, J., Loe. Cit. 
According to this mechanism, the rate controlling process 
is the neutralization of the H! (or BH!) ion formed by the 
combination of BH+ with MH. 
4. Prototropic transfer theory (Eyring 16 ). 
16) Eyring, H., Glasstone, s., and Laider, K. J., Loe. 
Cit. 
In this theory the slowest, and consequently the rate 
determining stage, is the transfer of a proton from a sol-
vent molecule to the cathode surface. In the case of 
aqueous solutions, it is postulated that the cathode is 
covered with a layer of water molecules adjacent to which 
is another layer of water molecules associated with the 
solution. The slow reaction is the transfer of a proton 
:from a water molecule of the solution layer to one of the 
electrode layer, 1. e., 
Solution -- H2 0 H2 0 -- l·fotal~ HO --- H --- HaO 
+ 
--+HO- + HaO 
H 
(B) The combination theories: 
M 
The combination theories are divisible into two 
19 
sub-groups, in each of which there are treatments which 
differ only in detail. 
1. Catalytic combination (Tafel 17, Kobosew l9, 
Horiuchi 25, Hickling 26 ). The rate determining step is 
17) Tafel, J., Loe. Cit. 
19) Kobosew, N., and Nekrassow, N. I., Loe. Cit. 
25) Horiuchi, J., and Okamoto, G., Sci. Pap. Inst. Phys. 
Chem. Res. Tokyo, 28, 231, (1936) 
26) Hickling, A., and Salt, F. W., Transactions of the 
Faraday Society, 2§., 474, (1942) 
the reaction between the adsorbed hydrogen ions. 
2. Electrochemical mechanism (Horiuchi 18 , 
Frumkin 22 ). The rate ueterminins reaction is the com-
bination of a solvated hydrogen ion with an adsorbed 
18) Horiuchi, J., Okamoto, G., and Hirota, K., Loe. Cit. 
22) Frumkin, A., Loe. Cit. 
hydrogen atom and an electron to form gaseous molecular 
hydrogen. 
In addition to the main· theories just mentioned, 
some dual theories have been proposed, the concept of 
which originated with Kobosew and :Nebrassow 19 ). A dual 
theory may be defined as one in which the rate of the 
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overall reaction 2BH+ + 2e = H2 (gas) is controlled by 
two processes having specific rates of the same order and 
occuring simultaneously on the electrode surface. 
In former times attention was concentrated on the 
two slow stages: 
BH+ + e = B + H 
and lviH + Mii = 2M + H2 
as the rival slow stages for a general theory of overvolt-
age. It was first stressed by Butler 24 >, however, that 
24) Butler, J. A. v., Loe. Cit. 
probably no single mechanism is suf~icient to explain the 
varying behavior of different metals. This view has re-
cently led to a more general formulation of the mechanism 
of hydrogen overvoltage, in which equations for the rate 
of reaction are formulated so as to take into account all 
probable rate determining reactions at the cathode, as-
suming that these have velocities of the same order (see 
Fi~ure 1). This is clearly the most general way to treat 
the electrode reactions. 
The mathematical treatments of all these preceedin 
different theories finally end at an equation of the 
general form: 
12 =a+ b log 1 ••••••••••••••• (4) 
in whichl'l. stands for hydrogen overvoltage at the specific 
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current density i, while~ and £ are two constants. This 
is usually called the Tafel equation, or Tafel's Law after 
J. Tafel 17 >, who first noticed this logarithmic relation-
ship between hydrogen overvoltage and currentJdensity. In 
17) Tafel, J., Loe. Cit. 
his theoretical treatment, Tafe1 considered the slow com-
bination between two hydrogen atoms on the electrode sur-
face as governing their surface concentration. The atomic 
hydrogen, as it is in the ~..ydrogen electrode, is electro-
motively negative, i.e., the electrode potential became 
more and more negative with increasing concentration of 
adsorbed atomic hydrogen. An equation similar to that of 
Nernst's, for the relation between reversible potential 
and ionic activity, was assumed to apply, so that if n is 
the number of hydrol3en atoms per unit area on an electrode 
across which passes a current of the density !, then neg-
lecting anodic current, it follows that 
Y1=E-E0 =E= RT F loge ! ........ (5) 
As the reaction MH + MH = H2 i~ of the second order, then 
1 -- k n2 (6) •••••••••••••••••••••••••••••• 
and hence 7l = a. -
where ~ is a constant. 
RT 
2F loge i •••••••••••••••••••(7) 
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Although this theory accounts for the logarithmic 
relation between overvoltage and current density, it en-
counters two serious difficulties: (1) there is no experi-
mental foundation for applying the thermodynamic equation 
for electrode potentials to adsorbed hydrogen, although it 
is known to be valid with respect to gaseous molecular 
hydrogen at reversible electrodes; (2) the b constant of 
the Tafel equation, as given by the above derivation, 
would be 2.303 X RT/2F or about 0.029 for all metals, 
while actually this value is only found to hold for a few 
metals, and varies with the kind of electrolyte and its 
concentration. 
A more general mathematical derivation of the Tafel 
equation, without presupposing any particular mechanism of 
overpotential, is given by Bockris l3) as follows: 
13) Bockris, J. O!M., Op. Cit., 166-167 
+ ...... For the reaction 2H + 2e = H2 , let v be the velo-
._ 
city of the rorward reaction and v be that of reverse. 
Then the net cathodic current will be 
1 c = F (~ - Y) = -r -"'I • • • • • • • • • • ( 8 ) 
-+ ~ 
where i and 1 are the rates of transfer in the tuo direc-
tions of the charge at the electrode. Let it be further 
assumed, for conditions uhen 1>~, that, (1) the velocity 
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of the rate determining stage is controlled by a process 
W1"-1ch can be undergone only by particles having more than 
some minimum activation ener5Y and that such particles 
have I"1a.xwell1a.n distribution; and (2) the ener5Y of acti-
vation or the react ion is affected by the electric field 
of the cathode by an amount proportional to some pa.rt 
(E - X) of the metal-solution potential difference E, 
where X may depend on the condition of the electrode sur-
face, or the properties of the solution, etc. Also, let 
the ~roportionality factor for this effect of the cathodic 
field be tk, 
then i = A e 
U + o(,(E - X)F 
RT 
••••••••••••• (9) 
where 11 0 11 is the "thermal part 11 of the ener6Y of activa-
tion of the reaction, and "A" is a collision factor 
characteristic of the mechanism of the reaction. 11A11 may 
depend on the concentration of some entities in the solu-
tion near the electrode and/or on the electrode surface. 
It follows, then, from equation (7) that 
E=K+X- RT 105 i Ci(F e ••••••••••••• (10) 
where K is a constant. 3ut "1l = E - EH' where E!{ is the 
potential o'f a reversible hyd.ro~en electrode '"ithout flow 
of current and is assumed to be zero. Therefore Yl= E, 
and by substitution in (8), we have 
'1' -- T_r.r + X - RT 1-·o,_ i (11) 
"l ~ o(F ~e •••••••••••••• 
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For a uarticular electrolyte and electrode surface condi-
tion, X has a definite value, and K + X is a new constant, 
say~' 
"OJ"jl 
a - 2.303 x -L.&. ClF hence los10 i ••••••••• (12) 
or a+ b log10 i •••••••••••••••••••• (4) 
where b stands for -2.303 X R.T/oLF. P;y comparing the b 
value given by this deri va.t1on \":i th that g1 ven by Ta:rel • s 
orisinal derivation (see equation 7), it can be easily 
seen that the only dif~erence is the replacement by the 
factor 1/rL in equation (12) of the factor 1/2 in equation 
(7). This is an important advantase of equation (12), for 
the factor J- can change from electrolyte to electrolyte, 
and from one electrode mate~ial ~o another. Thus, b can 
have values from 0.03 to 0.3, or more, which covers a 
lar5e range of experimentally observed b values; where1s 
Tafel's theory would 51ve b a fixed value of 0.029 only, 
and this value frequently does not agree with the experi-
mental results. 
However, some investigators also found that a 
linear overvolta5e versus current density relationshi~ 
prevailed at certain range of current densities. Butler 
and Armstrong 27) treated the kinetics of the reversible 
27) Butler, J. A. V., and Afmstroll6, G., Journal of Chemi-
cal Society, 743, (19341 
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hydrogen electrode for small currents and derived an ex-
pression shO\·Ting this linear relationship between overvolt 
age and current density. Dolin, Ersher, and Frumkin 28 ) 
28) Dolin, P., Ersher, B., and Frumkin, A., Acta Physico-
. chem. u. s. s. R., 12,, 779-792, (1940) 
suggested that this linearity can be attributed to the pre 
sence of a sign1:ricant amoun~ of the reversible process, 
H2~ 2H+ + 2e 
in the speci~ic current density range. Khomutov 29 ) also 
derived a linear relation between overvoltage and current 
density at low current densities. Schuldiner 5) in his 
29) Khomutov, N. E., Trudy Moskov. Khim. Tech. Inst. 
I\iendelejeva, !§, 127-133, (1940) 
5) Schuldiner, s., Op. Cit., 488 
wor1{ on hydrogen overvoltage on bright platinum :round that 
at low current densities the overvoltage versus current 
density relationship was linear. 
Durins the course of this investi5ation, as will be 
discussed later, a linear relation between hydrogen over-
vol tage on titanium and current density in hydrofluoric 
acid was also experimentally established, while a logarith 
mic relation prevailed in other electrolytes. However, 
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the theories as developed by the authors mentioned in re-
ferences 5, 27, 28, 29, are not applicable in this ins-
tance, because in our experiments the linear relationship 
was observed at all current densities, and covered a wide 
ran5e. To explain this phenomenon, it would be necessary 
to develop new theories. 
CHAPTER IV 
Methods of Investigation 
According to Bockris l3) there are five main me-
thods of obtaining information on the mechanism of the 
13) Bockris, J. O~M., Op. Cit., 158 
reactions giving rise to hydrogen overvoltage. 
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I. Measurement of the overall rate of the reaction 
2H+ + 2e = H2 ca.n be made as a function of the electrode 
potential, while various erternal factors such as the 
hydrogen ion concentration, addition agents, temperature, 
pressure, etc. are varied one by one. 
II. A. c. methods. Determination of the capacity 
of the electrode-solution interface by means of alternat-
ing current of varying frequencies will give information 
concerning the complexity of the kinetics of the overall 
reaction. If the capacity is independent of the frequency 
over a wide rall6e, then there is only one slow stage at 
the electrode. If the observed capacity varies with the 
frequency, then it is composed not only of the capacity of 
the double layer, cD.L. , but also of a component which is 
due to the accumulation of adsorbed hydrogen atoms on the 
electrode, making it greater than the CD.L.• 
III. Charge and discharge curves (i.e., potential-
28 
quantity relation) during the cathodic formation of hydro-
gen and its anodic ionization. The course of the poten-
tial-quantity relation during the initial fraction of a 
second when current is first passed will differ according 
to the process occuring at any potential on the electrode 
surface. These relations can now most conveniently be ob-
served by multiple trace oscillographic methods. 
IV. Decay on open circuit. The relationship of 
overvolta5e versus time, obtained on cessation of the po-
larizing current, depends markedly upon the amount of 
atomic hydrogen adsorbed on the electrode surface. 
V. Photochemical methods. Information concerning 
the influence of light on overvoltage seems to offer an 
excellent means of examining the direct acceleration of 
electronic processes at the cathode-solution interface, 
and the resultant effect on overvoltage. 
The above methods were used by various investisa-
tors to study the mechanism of the reaction giving rise to 
the various theories of hydro5en overvoltage. As for the 
actual measurement of hydro~en overvoltage in the labora-
tory, there are two methods most commonly used, namely, 
the 11direct method" and the "indirect method". 
The so-called "direct method" consists o"f a direct 
comparison, by means of a potentiometer, between the po-
tential of the working electrode under current and that of 
29 
some standard reversible electrode. 
The indirect, or commutator method, uses special 
devices1 which perlh1t Lhe measurement of Lhe cathode poten-
tial at a series of very short time intervals after the 
current has been cut off. The results are then extrapo-
lated to zero time so as to give the potential, free from 
the effect of ohmic drop during the passage or the cur-
rent. 
There is still a considerable difference of opinion 
as to which method 5ives the truest value. 
The objections to the direct method consists of the 
following points: 
(l) Some 3o, 3l) have claimed that there is a so-
-
called 11 transfer-resistance 11 , due to a gas film, between 
30) Gore, G., Proceedings of the Royal Society of London, 
- ~, 209, (1885) 
31) Newbery, E., Journal of Chemical Society, 125, 511, 
- (1924) 
electrode and solution at all current densities, and the 
rela.ti vely hie;.li resi sti vi ty of this 11 transfer-~esi sta:1ce 11 
causes an appreciable ohmic potential drop to exist, even 
as low as 1 milliamp./sq. cm.. However, this concept has 
been convincingly disproved by Ferguson and his co-workers 
32, 33) 
• 
32) Ferguson, A. L., Transactions of Electrochemical 
Society, 76, 113, (1939) 
30 
33) Ferguson, A. L., and Chen, G. M., Journal of Physical 
~ Chemistry, 22_, 191, (1935) 
(2) An ohmic potential drop between the capillary 
tip and the electrode surface is included in the measure-
ments. This, however, can be avoided by introducine; the 
tip of the Luggin capillary into the layer adherent to 
the cathode. 
(3) Part of the electrode surface is shielded from 
its share of the current lines by the Luggin capillary. 
This effect may be considerably reduced by a capillary of 
suitable design. Such a capillary was used in the experi 
ments carried. out in this investigation, and it will be 
described later in connection with the experimental equip 
ment. 
Although the indirect or commutator method el1m1-
nates the above mentioned ohmic resistances, a major dis-
advantage of this method is that intermittent electrolysi 
may produce different conditions at the electrode surface 
as compared to those occurring with continuous electroly-
sis. Besides, accordins to F-~umkin 34 ), this commutator 
34) Frumkin, A., Acta Phys1cochim. U.S.S.R., 18, 23, 
!1934) 
31 
is also open to the criticism of incorrect extrapolation 
to zero time at current densities greater than io-3 amp. 
/sq. co., owing to the extreme rapidity of the first 
stage of the exponential decay. 
Newbery 3l, 35) claimed that no approximation to 
31) Newbery, E., Op. Cit., 511 
35) Newbery, E., Journal of Chemical Society, .,!g!, 7, 
(1922) 
true overvoltage can be obtained without the use of a com-
mutator. But, on the other hand, Tartar and Keyes 36 ) who 
36) Tartar, H. V., and Keyes, H. E., Journal of American 
Chemical Society, 44, 557, (1922) 
designed an apparatus which enabled them to measure over-
vol tage simultaneously by both direct and commutator me-
thods, concluded that the commutator method gives errone-
ous results and that the direct method is the more accu-
rate method and gives more consistent results. 
According to Glas stone 3·7' 38 ), at 10~11 current 
37) Glasstone, s., Journal of Chemical Society, 125, 250, 
(1924) 
38) Glasstone, s., Transactions of Faraday Society, 12_, 
- 808, (1924) 
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densities, both methods give identical results, but at 
higher current densities the direct method gives higher 
overvolta5e values. Hickling 39 ) repeated this investiga-
tion and found that both methods give approximately the 
·same results. The same conclusion was also reached by 
Ferguson 40). Fer&uson ennuc1ated his opinion at the 
39) Hickling, A., Transactions of the Faraday Society, 
2_2, 1540 ,- ( 1937) 
40) Ferguson, A. L., Transactions of the Faraday Society, 
76, 113, ( 1939) 
meeting of the Electrochemical Society in Philadelphia on 
May 6, 1952; which was that the direct and indirect me-
thods, 1~ applied correctly, would give approximately 
equal results. According to Bockris 3) the direct method 
3) Bockris, J. O_' M., Op. Cit., 525 
can be used, in normal aqueous solutions, up to a current 
-1 I i strength of about 10 amp. sq.cm., and at h gher current 
densities with special precautions. 
Because the direct method is much simpler and gives 
results which, according to the many authoritative views 
quoted above are equally accurate and reliable, this me-
thod has been adopted throughout this investigation. 
PART II 
EXPERIMENTAL EQUIPMENT, PROCEDURE, Ai'ID RESULTS 
CHAPTER V 
The Experimental Equipment and Arrangement 
The overall arrangement or the equipment, for the 
measurement of hydrogen overvoltage, is shown in Figures 
2 and 3, and consists mainly of: 
(1) a 1 N calomel electrode as a reference elec-
trode 
(2) an electrolytic cell 
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(3) meters and accessories for measurements; such 
as a m1111ammeter, potentiometer, etc. 
These are more fully described as follows: 
The l N calomel electrode: 
In order to obtain the potential or any unJrnown 
electrode with reference to the hydrogen scale, a standard 
electrode of known potential must be used in combination 
with the unknown electrode to form a cell. The emf. of 
the resulting cell can be measured, and knowing the poten-
tial of the standard electrode as compared to that of the 
~.J"drogen electrode, the potential or the 'Wlknown electrode 
can then be calculated. The use of a standard hydrosen 
electrode as a reference electrode would give directly the 
potential of the electrode to be measured, but this elec-
m· ~-
a - .Pt anode 
o - Ti cathode 
t - stirrer 
1 - Luggin ca:'Jillary 
d - beaker 
k - calomel electrode 
p - potentiometer 
g - galvanometer 
b - stJrage battery 
a - switch 
r - variable resistance 




Arrangement of equipment ror the 









Photograph showing the arrangement for the measurement of hydrogen overvol ta.ge 
trode is very inconvenient ~o use ~nd so we adopted a 
standard l N calomel electrode. This electrode is shown 
in Figure 4. The electrode uas prepared accordine; to the 
• 41) 
specifications given by Palmer and its potential was 
checked against a pure zinc electrode dipped in 1 M ZnS04 
41) Palmer, w. G., Experimental Fhys1cal Chemistry, Cam-
- bridge University Press, 214-215, (1941) 
solution. A salt-bridge containing concentrated KCl solu-
tion (about 3.5 N) uas provided, in connection with the 
l N calomel electrode, to eliminate liquid junction ~oten­
tials. The top of the glass tubing leading to, and above, 
the luggin capillary was blown into a bulb, which, when 
filled with the solution, would act as a reservoir for 
collecting any small bubbies rising from the tip of the 
capillary and help keep expelled gas bubbles from being 
entrapped in the capillary. In case some bubbles were en-
trapped, the pinch cork above the bulb could be opened so 
that the entrapped gas bubb1es could be forced out of the 
capillary. The Lu5gin capillary, which wes used in ex-
ploring the electrode potential, was made from pyrex glass 
tubing, bent at the proper point to the required an~le to 
suit this experiment, and dra)rn into a fine capillary at 
the end. The tip of the capillary uas carefully ground 
and polished with No. CO emery paper, then examined under 
electrolyte,same as 
















1 N oalomel electrode with 
Lugg1n capillary connected. 
37 
: 
a microscope in order to asEure that there wo~ld bs a good 
contact between the lower part of the periphery of the tip 
and the electrode surface. To reduce the shielding by the 
capillary of cui~rent lines on the electrDde a part of the 
tip was ground down, as shown in the sYetch of the cross 
section of the capillary tip e.._~d the electrode (see Figure 
5). 
Using the 1 N calomel reference electrode described 
above, the measurement of hydrogen overvoltage consisted 




3.5 N KCl 
salt 
bridge 
1 N KCl, Hg2Cl2 
while a definite current was flowing through the cell. 
With this arrangement, the hydro~en overvolta5e with re-
ference to the hydrogen scale could be obtained as the 
algebraic swn of the potential actually measured for this 
cell and the potential of the l N calomel reference elec-
trode. For example, if the potential of such a cell, with 
a certain electrolyte, was measured as -0.975 volts at 
25°c, then, as the potential of the l N calomel electrode 
is +0.280 volts, the hydrogen overvoltage should be 
-0.975 + 0.280 = -0.7C5 volts 
at 25°0. 
The electrolytic cell: 
The essential parts of the electrolytic cell con-
capillary tip 
( exa.ggera ted) 
Figure 5 
electrode 
A sectional view showing the contact between 
the tip of the Luggin capillary and the 
electrode aurfaoe. 
top view 
:front view side view 
Fi()ure 6 
Slcetches showing the electrode rnade out 
o~ crystalline iodide t1tan1wn. 
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sisted of a vessel, an electrolyte, a tit~~iwn cathode, 
and a platinum anode. The vessel was a 250 ml. pyrex 
glass bealcer when using electrolytes that do not attack 
glass; and a 250 ml. polyethylene beaker when the electro-
lyte was corrosive to glass, as is hydrofluoric acid, 
fluorides, or stron.g alkalies. Various electrolytes were 
used in this inveat1gat1on, including inorganic acids, or-
ganic acids, and bases, with addition agents in some 
cases. All chemicals used were of C.P. grade unless 
otherwise specifically mentioned, and distilled water was 
used for dilution in all cases. 
The anode, in all except a few specifically men-
tioned cases, was cut out sheet platinum, and had surfaces 
of 2 cm. by 2 cm •• Another strip of about 3 mm. wide by 
2 cm. long was welded to one side of this sheet to act as 
a handle. A piece of copper wire was soldered to this 
handle to serve as an electrical colUlection. The handle 
and the copper wire were encased in a glass tube. A small 
cor~ stopper was split into two halves and inserted on 
both sides of the handle to hold it firmly in the glass 
tube. The other end of the glass tube was also fitted 
with a cork stopper which had a hole drilled in its center 
so that the copper wire for the electrical connection 
could be lead through. The lower part of the glass tube 
was coated with a thin layer of pyseal, which is a type of 
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wax commonly used in vacuum work but which also has been 
found in our laboratory to furnish a coatin5 quite resis-
tant to hydrofluoric acid as well as to other common acids 
and bases. The motmting of the anode and cathode is shown 
in Figure 7 on page 42. 
Two different kinds of titanium were used to make 
the cathode: relatively impure Remington Arms titanium and 
high purity iodide titanium produced by the Foote Mineral 
Company. The Remington Arms titanium used in this inves-
tigation was in sheet form, approximately 1.6 mm. thick. 
A 2 cm. square with a 3 mm. by 2 cm. handle projecting 
from the center of one edge was cut from this sheet. A 
small bolt and nut was fitted near the end of the handle 
and a copper wire was connected to this for an electrical 
lead. The handle and wire were encased in a glass tube, 
the lower part of which was covered with pyseal, as was 
done at the anode. To the upper end of the glass tube a 
bindins post was fitted for electrical connections. As 
the iodide titanium consisted of a cluster of crystals in 
the form of a bar, the electrode preparation was somewhat 
more complicated. A section of about 2.5 cm. in length 
was sawed from the bar and then carefully filed on three 
sides so as to provide a uniform rectangular cross-section 
throughout. (This work was done by filing in order to 
save the filings, otherwise it could have been just as 
(a) Front view (.a) Front View & side ( c) aide View 
of pure 
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ot Pt anode view ot Remington 
Arma Ti cathode Ti cathode 
Figure 7 
Sketches showing the mounting or 
platinum a.node and titanium. cathodee. 
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easily done by grinding.) The back side of the piece was 
left untouched in its irregular shape, because this part 
was never exposed to the electrolyte. The bottom of the 
piece was also filed flat, while the top was filed in such 
a way as to leave a handle near the back edge towards the 
surface left in its rough, natural state. A hole was then 
drilled on the top of th~s handle, the hole threaded, and 
a small screw provided to which a copper wire was connect-
ed to qerve as an electrical lead. The finished electrode 
is shown in Figure 6 on page 39. The handle and copper 
wire were encased in a glass tube; the lower part of this 
and all except the front face of the titanium was then co-
vered with pyseal. 
In order to eliminate concentration-polarization 
during the course of electrolysis, a motor driven stirrer 
was provided. The lower part of the stirrer was made of 
ebonite, which is resistant to acids and bases. The motor 
was operated at a speed of about 370 r.p.m. 
Meters and accessories: 
The potentiometer used for measuring potentials was 
a 18Portable P1"eci sion Potentiometer 11 with a built in gal-
vanometer, made by the Rubicon Company of Philadelphia. 
This meter was checked against a standard Weston cell 
which was made in our laboratory according to the specifi-
cations given by Palmer 41 >, and was compared with other 
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41) raid., p. 203 
standard cells used in the Physical Chemistry Laboratory 
on the campus. This precision potentiometer can read ac-
curately to 0.001 volt or 1 millivolt~ when using the 
range factor 2. (Another range factor of O.l for reading 
potentials below 0.161 volts enables one to read accurate-
ly to 0.00005 volts or 0.05 millivolts.) For the high 
, 
sensitivity needed in experiments dealing with dilute so-
lutions of weak electrolytes, an external 7alvanometer, 
together with an Ayr~on shunts for sensitiv;ty selection, 4 
was used. 
For the measurement of cathodic current density, 
the actual current measured by the milliammeter was di-
vided by the exposed area of the cathode. It should be 
pointed out here that the actual surface area was not mea-
sured, nor was any 11roughness factor 11 of the surface taken 
into account in computin5 the area. The cathodic current 
density mentioned throughout this investigation is there-
fore the "a:pparant current density 11 • The milliammeter 
used was a ;ieston instrument. A Shallcross resistance box 
with a range of 1 to 1,COO ohms was connected in series 
With the ammeter to adjus t the current. Fine adjustment 
was achieved by an Ohmite rheostat. This rheostat, having 
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a resistance range of 0 to 3 ohms, was connected in series 
with the resistance box. A lead storage battery of 12 
volts total output was used as the source of current for 
electrolysis. 
Experimental Procedure: 
The procedure followed in every experiment of this 
investigation was as follows: 
(1) The branch of the tubing connected to the calo-
me1 electrode, and immediately above the Luggin capillary, 
was filled up to the top of the reservoir bulb with the 
electrolyte required for each specific experiment. The 
filling of the tubing was done by first loosening the 
pinch cock above the bulb, and then disconnecting the ca-
pillary so that the solution could be introduced from be-
low and forced up to the desired level. After this, the 
pinch cock was closed, and the capillary replaced in its 
proper position. Next, the pinch cock was again opened to 
-let the solution run down through the capillary and fill 
it, then when the capillary uas filled the pinch cock was 
again closed. 
(2) The titanium cathode was polished through No. 
00 emery paper; then to remove any oxide film on •he sur-
face, it was immersed in 1 N hydrofluoric acid for about 
one minute and quickly rinsed with distilled water. 
(3) The titanium cathode and platinum anode, both 
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mounted on the same rrame at a definite distance apart, 
were placed in the eleetrolyte of the cell, and the motor-
dri ven stirrer was started. 
(4) A few potential readin5s were usually taken on 
the titanium cathode before current was passed. 
(5) The circuit was then closed, and the current 
adjusted by varying the resistance of the resistance box 
and the rheostat. 
(6) A few minutes were allowed, usually four to 
five, for the current to stabilize before taking any read-
inss. 
(7) A series of readings were taken in this manner, 
with increasing current densities up to a maximum. In 
some experiments, the potentials with decreasing current 
densities were also measured after the maximum was reach-
ed, in order to check the results. However, it was ob-
served in most instances, that a hysteresis would occur. 
(8) When the measurements were finished, the elec-
trodes were removed from the cell and rinsed with distil-
led water, and the titanium cathode was examined under a 
microscope to see if there was any change in the surface. 
The capillary uas disconnected and drained and rinsed with 
distilled water. The tubing and bulb reservoir above the 
capillary side were s i milarly treated. 
CHAPTER VI 
Hydrogen Overvoltage on Pure Titanium 
in Acids and Bases 
47 
The titanium used in the experiments described in 
this chapter was high purity, iodide titanium from the 
Foote Mineral Co., Philadelphia. Its purity, as reported 
by the Foote ~Iineral Co., is 99.99% Ti. 
The hydrogen overvoltage o:r the ti taniurn was mea-
sured in different electrolytes of varying concentrations, 
and the results obtained are described separately under 
the heading of each electrolyte used. 
(A) Hydrofluoric acid. 
A series of experiments was carried out in this 
acid with a wide ran~e of concentrations of 0.005 N, 0.01 
N, 0.05 N, O.l N, 0.2 N, 0.5 N, and l N. To check the 
normality of the prepared acid solutions, the acid was ti-
trated with a carbonate-free solution of sodium hydroxide, 
prepared by the method given by Swift 42 ). The experimen-
tal data on hydrogen overvoltage are tabulated in Tables 
42) Swift, E. H., A System of Chemical Analysis, 99, Ne\·1 
York Prentice Hall Inc., N. Y., (1952) 
II to VIII. 
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Table II 















Run No. l Run No. 2 Average 
-0.720 -0.725 -0.723 
-0.829 -0.840 -0.835 
-0.917 -0.922 -0.920 
-1.082 -1.005 -1.044 
-1.269 -1.270 -1.270 
-1.305 -1.336 -1.322 
-1.352 -1.358 -1.355 
-1.368 
-0.636 
Average maximum deviation: ±0.010 volts 
0.82 % 













Hydrogen overvoltage on pure iodide-titanium in 0.01 N HF. 
Current . JVdrogen overvoltage 
density (volts) (ma/cm2 ) Run_No. l ·Run No. 2 Avera5e 
0 
-0.734 -0.733 -0.734 
1 
-0.752 -0.742 -0.747 
4 -0.836 -0.838 -0.837 
10 
-0.976 -0.937 -0.957 















Average maximum deviation = •0.008 volts 
or 0.85 % 
Temperature: Run No. l at 28°0. 













Hydrogen overvoltage on pure iodide titanium in 0.05 N HF. 
Current Hydrogen overvoltage 
density (volts) (ma/cm8 ) Run No. l Run No. 2 Averap;e 





4 -C.798 -0.795 -0.797 
10 -0.866 -0.867 -0.867 
20 -0.963 -0.981 -0.972 
30 -1.068 -1.089 -1.079 
4o -1.146 -1.174 -1.160 
50 -1.270 -1.292 -1.281 





0 -0.726 -0.711 
Average maximum deviation= •0.009 volts 
or 0.79 % 
Temperature: Run No. 1 at 31°0. 















HydrOgen overvoltage on pure iodide. titanium in 0.1 N HF. 
Curr.ant_ Hydrogen overvoltage 
density (v:olts) 
(ma/cm2 ) Run No. 1 Run No. 2 Avera5e 
0 -0.769 -0.778 -0.774 
l 
-0.757 -0.785 -0.771 
4 -0.771 -0.790 -0.781 
J.O -0.809 -0.812 -0.811 
20 -0.842 -0.858 -0.850 
30 -0.887 -0.894 -0.891 
40 -0.919 -0.932 -0.926 
5_0 -0.969 -0.978 -0.974 
Average maximum deviation = •0.00'7 vol.ts 
or o.84 % 














Hydrogen. overvoltage,on pure titanium in 0.2 N HF. 
Current• Hydrogen. overvol tage 
density (volts·) (ma/cm2 ) Run No. l Run.. No. 2 Avera5e 
0 
-0.791 -0.783 -0.787 
1 -0.794 
----- -----
4 -0.800 -0.788 -0.794 
10 -0.825 -0.811 -0.818 
20 -0.869 -0.860 -0.865 
30 -0.904 -0.903 -0.904 
40 -0.922 -0.923 -0.923 
60 -0.983 -0.984 -0.984 
80 -1.048 -1.046 -1.047 
100 -1.111 -1.105 -1.108 














10 -0.758 -0.759 
l -0.725 -0.721 
0 -0.720 -0.719 
Average maximum deviation = ±0.003 volts 
or 0.63 % 
Temperature: Run No. l at_29°C. 



















Hydrogen_overvoltage on pure iodide titanium in 0.5 N HF. 
Current Hydrogen overvoltage 
density (volts-) 
(ma/cm2 ) Run Mo. l Run No. 2 Avera5e 
0 -0.817 -0.803 -0.810 
l -0.819 -0.804 -0.812 
4 -0.819 -0.809 -0.814 
10 -0.832 -0.827 -0.830 
20 -0.858 -0.853 -0.856 
4o -0.895 -0.893 -C.894 
50 -0.913 -0.911 -0.912 
60 -0.921 -0.925 -0.923 
so 
-0.954 -0.959 -0.957 
100 -C.971 -0.990 -0.981 
120 -l.000 -1.018 -1.009 
I 
Average maximum deviation= :I: 0.005 volts 
or 0.54 % 
















Hydrogen overvoltage on pure iodide titanium in l N HF. 
Current_ Hydrogen overvoltage. 
density (volts) 
(ma/cm2 ) Run No. 1 Run No. 2 Avera5e 
0 -0.809 -0.814 -0.812 
1 -0.809 -0.817 -0.813 
4 -0.814 -0.821 -0.818 




-----20 -0.831 -0.842 -0.837 
40 -0.847 -0.878 -0.863 
60 -0.878 -0.908 -0.893 
80 
-0.903 -0.932 -0.918 
100 -0.914 
----- -----120 
-0.937 -0.984 -0.961 
150 -0.959 























0 -0.772 -0.760 
Average max1muni-dev1at1on = ±0.013 volts 
or 1.47 % 
Temperaturs: Run No. l at 24°C. 



















From the results of these experiments, the follow-
ing points are of interest and worth mentioning. 
1. It was noticed that a dark greyish blacl:: film 
(proba,bly a lower oxide) was formed on the surface of the 
titanium electrode durin5 the course of the experiment. 
It was further noticed that this film became darker and 
thicker with the dilution of the hydrofluoric acid down to 
a certain strength (about 0.2 N); then lighter and thinner 
with further dilution. The film was never thick enough to 
be collected for chemical or x-ray analysis, and so it was 
imposaible to identify its chemical composition. 
2. The titanium cathode was corroded by the hydro-
fluoric acid. Severe intercrystalline corrosion with deep 
corrosion pits, especially along the grain boundaries, was 
observed with the more concentrated acid, 0.5 N and up. 
A photograph of the corroded titanium cathode (in 1 N hy-
drofluoric acid) is shown in Figure 8 on pa5e 56. 
3. "'i;lhen the hydrogen overvol te..3e was plotted 
against the 100arithm of the current density, a curve, 
rather than a straight line was obtained, except in the 
case of o.co5 N e..c i d, which will be discussed in Chapter 
IX. Figure 9 on pa5e 57 shows some typical ~lots. 
Evidently Tafel's law does not apply to the hydrogen over-
voltage on titanlum in hydrofluoric acid. 
Figure 8 
Photograph showing intercrystalline 
corrosion of pure iodide titanium 
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109 10 Current Densit~ (ma.lcm 2) 
Figure 9 
Hydrogen overvoltage on pure titanium versus 
logarithm of current density in hydrofluoric 
acid. 
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4. If, however, the hydro5en overvoltage is plotted 
directly against the current density, (not against the 
logarithm of current density), a straight line results. 
(The exceptional case of 0.005 N will be discussed in 
Chapter IX.) Such a plot is shown in Figure 10 on page 59 
It follows, therefore, that in the cas~ of the hydrogen 
overvoltage on titanium in hydrofluoric acid, instead of 
the Tafel equation, usually valid for metals in acid 0 , a 
linear equation exists relating hydroeen overvoltage to 
current density: 
11 = e..1 + b_' 1 • • • • • • • • • • • • • • • • • • • { 13) 
where yt stands for hydro5en overvoltage; 1,. for current 
density; while~· and£' are constants. 
5. A closer examination of the overvoltage versus 
current density lines, as plotted in Figure 10, shows that 
both the intercept (~' ) a.~d slope (b' ) of these lines 
change with the acid concentration. In general, we can 
say that the slope tends to be steeper while the intercept 
is shifted in the more positive direction with dilution of 
the acid. 
The influence of oxygen: 
As the experiments just mention ed were carried out 
in the presence of air, it was uncertain whether or not 
atmospheric oxygen might have influenced the results. To 






/0 20 30 40 so 
Current Densi-l:y (ma.fem~) 
Figure 10 
Hydrogen overvoltage on pure titanium versus 
current density 1n hydrofluoric acid. 
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to determine the hydrogen overvoltege on pure titanium in 
the absence of air. As hydrogen is evolved at the titan-
ium cathode in overvoltage determinations, the simplest 
arrangement would be to operate the test cell under an 
atmosphere of hydrogen. 
To accomplish this purpose, an H-shaped cell was 
constructed as shown in Figure 11 on page 61. Hydrogen 
was supplied from a tank equipped with a pressure regula-
tor. The gas first passed a palladium catalyst purifier 
to remove the oxygen (to the extent of less than l part 
per.. million remaining according to the manufacturer), and 
then was bubbled through the cell. The hydrogen finally 
escaped through the outlet (G) as shown in Figure 11. 
In each experiment, hydrogen was first allowed to 
flush through the solution in the cell for about twenty 
minutes before any measurements were made, to remove as 
much as possible of the dissolved oxygen in the solution. 
The flow rate was later reduced during the actual hydrogen 
overvoltage measurements. In some experiments, after the 
measurements in a hydrogen atmosphere were finished, the 
hydrogen source was shut off and air was perm1 tted. to bub-
ble through the solution while the measurements were re-
peated to see hou atmospheric oxygen would influence the 
results. 
Experiments were carried out in 0.2 N and l N 
A 
Hyd rogen from -tank ~ 
A • palladium catalyst hydrogen ?Irifier 
B • cathode canpartment 
C - titanium cathode 
D - Luggin capillary (connected to 
calanel electrode) · 
E • anode cani:artment 
F • platinum anode 
G • hydrogen Clltlet 







Cell for the 11lldy ot the influence of a1mospheric oxygen 




hydrofluoric acid. The experimental results are compiled 
in Tables IX and X. The measurements were limited to 
small current densities because of the higher resistance 
of such a cell. The overvoltage versus current density 
lines are plotted in Figure 12 on page 65. 
The measurements show that the hydrogen overvoltage 
on pure titanium in hydrofluoric acid is slightly more ne-
gative in a hydrogen atmosphere than in the presence of 
air. However, the slope of the overvoltage versus current 
density lines was not changed. The admission of air sim-
ply shifts the line in the less nesative direction. Re-
sults after the admission of air were in good asreement 
with those previously obtained in the presence of air. 
(See Figure 12 for the comparison of results.) 
An investigation of a similar nature was made pre-
viously by Straumanis and 3rakss 43) on a cadmium cathode 
43) Straumanis, M. E., and Brakss, N., z. Phys. Chemie., 
(A) 185, 37-44, (1939) 
in O.l N sulfuric acid. They proved that atmospheric oxy-
gen changed the hydrogen overvoltage slightly in the less 
negative direction only at very low current densities. 
Table IX 
Hydrogen overvol tage on pure iodide titanium in 0.2 N HF 
in hydrogen_ and in air. 
Current ,- __ · Hydrogen overvol tage 
(volts) density 
(ma/cm2 ) Run No. l Run No. 2 Avera5e 
In hydrogen: 
-0.800 -0.798 0 -0.799 





4 -0.817 -0.813 -0.815 
6 
-0.825 -0.823 -0.824 
8 
-0.834 -0.830 -0.832 
10 -0.842 -0.840 -0.841 
12 -0.847 -0.849 -0.848 
15 -0.867 -0.859 -0.863 
12 -0.847 -0.849 -0.848 
10 -0.84o -0.838 -0.839 
8 
-0.830 -0.831 -0.831 
6 -0.819 -0.820 -0.820 
4 -0.808 -0.809 -0.809 
2 -0.802 -0.802 -0.802 
0 -0.784 -0.794 -0.789 
Air permitted: 
-0.794 0 -0.791 -0.793 
1 -0.795 
----- -----
2 -0.798 -0.804 -0.801 
4 -0.804 -0.811 -0.808 
6 -0.808 -0.814 -0.811 
8 -0.814 -0.820 -0.817 
10 -0.820 -0.834 -0.827 
12 -0.824 -0.835 -0.830 
15 -0.833 -0.852 -0.843 
Average maximum deviation = *0.003 volts 
or 0.32 % 
Temperature: Run No. 1 at 26°0. 
Run No. 2 at 25°c. 
Maximum 
deviation 




























Hydrogen overvoltage on pure iodide titanium in 1 N HF in 
hydrogen and in air. 
Current Hydrogen overvoltage 
(volts) density 
(ma/cm2 ) Run No. 1 Run No. •2 Average 
In hydrogen: 
0 -0.816 -0.81.8 -0.817 
l -0.816 
------ -----
4 -0.820 -0.826 -0.823 
8 -0.826 -0.830 -0.828 
12 -0.833 -0.840 -0.837 
16 -0.839 -0.846 -0.843 
20 -0.846 -0.854 -0.850 
32 -0.866 -0.876 -0.871. 





4 -0.813 -0.816 -0.815 
0 -0.802 -0.786 -0.794 
Air permitted: 
0 -0.798 -0.800 -0.799 
4 -0.780 ----- -----
8 -0.807 -0.806 -0.8CJJ 
12 -0.817 ----- -----
20 -0.835 -----
____ ... 
40 -0.891 -0.906 -0.899 
80 -0.994 
----- ------
Average maximum deviation = ±0.004 volts 
or o.45 % 
Temperature: Run No. 1 at 28°0. 





























pre lliouS e~peYimenf 
----done in air 
0 
2 4 G 8 10 
Current Densi-l:y (ma/cm2) 
Figure 12 
Comparison of hydrogen overvoltaee measurements 
on pure titanium in hydro5en and in air. 
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As these studies showed that the presence of air 
had only a slie;ht influence on the hyd.ro~en overvoltage, 
all subsequent experiments of this investigation were made 
in air. This was much more convenient, and higher current 
densities could be attained because of less resistance of 
the cell. 
(B) Other halo5en acids. 
The hydrogen overvoltage on pure titanium in hydro-
chloric and hydrobromic acids was also studied. 
0.1 N, 1 N, and 4 N hydrochloric acid was used and 
the experimental data are compiled in Table XI. In plot-
ting the hydrogen overvoltage against the logarithm of the 
current density, it was found that, unlike the case of hy-
drofluoric acid, the Tafel relationship holds quite con-
sistently. These Tafel lines are shown in Figure 13 on 
page 68. It can be seen that the ~ constant, or the in-
tercept of these Tafel lines on the potential axis, 
changes with the acid concent~ation, becoming more nesa-
tive with the dilution of acid; while the b constant, or 
the slope of the lines, is changed very little. A break 
in the straight line at about 20 ma./cm. 2 was noticed in 
4 N hydrochloric acid. 
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Table XI 





O.l N lN~ 4N 
0 -0.178 -0.206 -0.324 
l -0.534 -0.447 -0.367 
2 -0.587 -0.497 -0.358 
4 -0.637 -0.555 -0.376 
10 -0.697 -0.637 -0.408 
20 
-0.749 -0.693 -0.425 
30 -0.786 -0.717 
-----




100 -0.858 -0.794 -0.572 
2CO -0.971 -0.845 -0.702 























0 +0.915 +0.812 +0.695 
Temperature: 27°0 23°0 25°C 
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-0.3 
I N HCl 0 
. /. 
~ 9 O·I N HBr 
-o. I 
--~~-' ~~~'~~--1---~---~~a--~~2 
I 2 4 10 20 40 /00 
10910 CtArrenf Density (ma./cml) 
Ficure 1 
:1y<l.ro5en overvol ta5e ~n pure ti tan1un versus 
lo~ari thm of curren t lensi ty in hydro ohlor1c 
ana hydrobrom1c acids. 
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Duning the electrolysis, chlorine was developed, 
and the solution 5radually turned e;reenish yellovr. Only 
sli5ht bubb1ing occured at the platinum anode. The forma-
tion of free chlorine was easily detected by its pungent 
smell and by the color of the solution. ~hen a few drops 
of this acid solution were added to a solution of potas-
sium iodide, the latter immediately turned reddish-violet, 
showine the formation of free iodine due to the following 
displacement reaction: 
2 KI + Ola = 2 YCl + Ia 
It was noticed at the end of the experiment that a 
thin greyish film was formed on the surface of the titan-
ium cathode. This film was shaved off and collected for 
spectrum analysis, which showed that the powder consisted 
of titanium, with traces of magnesium, which probably was 
car-~ied over from the production nrocess of titanium. Ho 
platinum lines were detectable in the optical spectrum. 
Another interesting point in these experiments was 
that on tracing back the hydrogen overvoltage iith de-
creasing current density, it was found that the potential 
of the titanium cathode became much more positive at low 
current densities than it had been before; and when the 
current was shut off, the potential became even as high as 
+0.9 volts in some experiments. (See Table XI). This 
strange phenomenon will be discussed in more detail in 
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Chapter IX. 
Experiments were also carried out in 0.1 N and 1 N 
hydrobromic acid. The results are tabulated in Table XII. 
The overvoltage as plotted against the logarithm of the 
current density shows the obedience to Tafel's law. (See 
Fi3ure 13 on page 68 for the Tarel lines). 
In general, the results observed using hydrobromic 
acid are similar to those with hydrochloric acid. The in-
tercepts of the Tafel lines change with acid concentration 
in a similar manner, becomins more negative with dilution, 
While the change in slope is only sli&~t. Bromine was 
liberated during electrolysis and colored the solution 
somewhat brownish-red. A thin greyish f~lm was also no-
ticed on the titanium cathode at the end of this experi-
ment. Spectrum analysis of this film material snowed re-
sults identical to those obtained in the case of hydro-
chloric acid. The abnormal change in potential of the ti-
tanium cathode on decreasing current density was as notic& 




Hydrogen overvoltage on pure iodide titanium in HBr. 
Current density Hydrogen overvoltage 
(ma/cm2 ) (volts) 
O.l N 1 N 
0 -0.205 -0.129 
1 -0.564 -0.464 
2 -0.598 -0.487 
4 -0.650 -0.516 
10 -C.726 -0.560 
20 -0.780 -0.594 
40 -0.811 -0.635 
60 -0.862 -0.658 
100 -0.921 -0.695 
200 -1.089 
-----300 -1.215 -0.845 
200 -1.065 -C.745 
100 -0.802 -0.651 
40 -0.660 -0.564 
20 -0.569 -0.411 
10 -0.561. 
____ .. _ 





0 +0.901 +0.798 
Temperature: 27°C 
72 
(C) Sulfuric acid. 
A series of experiments was made with sulfuric 
acid, the concentration of which included 0.02 N, O.l N, 
0.5 N, 1 N, 4 N, and 10 N. The experimental data are com-
piled in Tables XIII to XVIII. ~Then the hydrogen over-
vol tage is plotted against the logarithm of the current 
density, it is found that Tafel's law is closely adhered 
to. The Tafel lines ore plotted in Figure 14 on page 79, 
from which it can be readily seen that both a and b cons-
tants of Tafe1~s equation vary wi h the concentration of 
sulfuric acid used. With the increase in acid concentra-
tion, the intercept on the potential axis (or the ~ cons-
tant) is gr~dually shifted to the more positive side; 
while in the meantime, the slope (or the £ constant) tends 
to become more 5entle. This point will be discussed fur- • 
ther in Chapter IX. 
In a few experiments, the measurements of hydrogen 
overvoltage were traced back with decreasing current den-
sity. Although some hysteresis was observed, the results 
generally agreed with those previously obtained with 1n-
creas1nP current density. The abnormal noble potential on 
the titanium cathode, observed in the case of hydrochloric 
and hydrobromic acid when the current was shut off, was 
not noticed in sulfuric acid; nor was any visible film 
formed on the titanium surface during the course of the 
experiment. 
Table XIII 
Hydrogen overvoltage on pure iodide titanium in u.02 N 
Ha so ... 
Current Hydrofen overvo1tage 
density volts) 
(ma/cm2 ) Run No. l Run No. 2 Average 
0 -0.040 -0.036 
-----l -0.600 -0.602 -0.601 
2 
-0.644 -0.683 -0.664 
4 
-0.721 -0.758 -0.740 
10 -0.828 -0.852 -0.840 
20 
-0.9Cfl -0.934 -0.921 
30 -0.952 -0.984 -0.968 
40 
-0.981 -1.010 -0.996 
60 




Average maximum deviation.= ±0.013 voltB 
or 1.58 % 
Temperature: :aun No. 1 at 26°0. 















hydrogen overvoltag~ on pure iodide titanium in O.l N 
H2SO.._. 
Current ~dro~en overvoltage 
density vo;Lts) 
(ma/cm2 ) Run No. 1 Run No. 2 Average. 
0 -0.021 -0.014 -~--.. 
l -0.582 -0.585 -0.584 
2 
-0.633 -0.644 -0.639 
4 -0.679 -0.693 -0.686 
10 -0.757 -0.111 -0.767 
20 -0.817 -0.837 -0.827 
30 -0.847 -0.879 -0.863 
40 -0.871 -0.906 -0.889 
60 -0.914 -0.944 -0.929 
100 -0.967 -0.993 -0.980 
200 -1.044 -1.034 -1.039 










Average maximum deviation = %0.010 volts 
or l.2C % 

















Hydrogen overvoltage on pure iodide titanium in 0.5 N 
HaS06 
Current H;ydro~en overvo1tage Maximum 
density volts) deviation 
(ma/cm2 ) Run No. 1 Rwi Mo. 2 Average {volts) (%) 
0 -0.023 -0.020 -------
l -0.501 -0.505 -0.503 :1:0.002 o.4o~ 
2 -0.551 -0.556 -0.554 ±0.003 0.54 
4 -0.619 -0.622 -0.621 :to.002 0.32 
10 -o.687 -0.692 -0.690 :1:0.003 o.44 
20 -0.721 -0.734 -0.728 ±0.0C!l o.96 
30 -0.738 
----- ------ -----40 -0.758 -0.793 -0.776 :1:0.018 2.32 
60 -0.784 -0.820 -0.802 =0.018 2.25 
100 -o.840 -o.ese -o.849 :0.009 1.06 
200 -0.924 -0.909 -0.917 ±0.008 0.87 
300 -0.950 -0.935 -0.943 ±0.008 0.85 
Average maximum dev~ation = •o.oar volts 
or 1.00 % 




Hydrogen overvoltage on pure iodide titanium in l N H2 S06 • 
Current lf;vdro~en overvolta5e 
density volts) 
(ma/cm2 ) Run No. 1 Run No. 2 Average, 
0 
-0.032 -0.031 -.. ---
l -0.468 -0.491 -0.480 
2 
-0.530 -0.545 -0.538 
4 
-0.583 -0.594 -0.589 
10 
-0.650 -0.660 -0.655 I 
20 
-0.700 -0.709 -0.105 
40 
-0.73e -0.745 -0.742 
60 -0.764 -0.772 -0.768 
100 -0.796 -0.814 -0.805 
200 
-0.851 -0.866 -0.859 






























Average maximum deviation = •0.006 volts 
or 0.96 % 
Temperature: Run No. 1 at 26°0. 








:I: .005 0.71 
=o.o04 0.54 





Hydrogen overvoltage on pure iodide titanium in 4 N H2SO~ 
Current :fVdro~en overvo1tage 
density volts·) 
(ma/cm2 ) Run No. l Rwi No. 2 Avera5e 
0 
-0.375 -0.355 -----
l -0.467 -o.455 -0.461 
2 
-0.513 -0.499 -0.506 
4 -0.551 -0.540 -0.546 
10 -0.611 -0.581 -0.596 
20 -o.643 -0.609 -0.626 
4o -0.676 -0.641 -0.659 
60 
-0.736 -0.686 -0.711 
100 
-0.739 -0.690 -0.714 
200 -0.780 -0.723 -0.752 
Aver.age maximum deviation= :il:0.018 volts 
or 2.50 % 















Hydrogen ov.ervoltage on pure iodide t1tanium in 10 N JiiS06 
Current - JVdro~en overvo1tag_e 
densit~ volts) (ma/cm8 ) Run No. 1 Run No. 2 Averase~· 
0 -0.376 -0.393 
-----l -o.430 -o.433 -0.432 
2 -0.469 -0.478 -0.474 
4 -0.502 -0.515 -0.509 
10 
-0.545 -0.562 -0.554 
20 -0.571 -0.602 -0.588 
40 -0.604 -0.637 -0.622 
60 -0.625 -0.645 -0.635 
100 -0.649 -0.682 -0.665 
200 -0.687 -0.726 -0.1(1"{ 












Average maximum deviation-= =0.013 volts 
or 2.08 % 
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Figure 14 
It/drOGen overvoltaGe Jn pure titanium versus 
locarithm of current density in sulfuric acid. 
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(D) Some organic acids. 
A few overvDltage measurements were made with l N 
and 2 N acetic acid, as we 1 as l N trifluoroacet1c acid. 
Acetic acid (CH3 COOH) is a weak acid with rather 
poor conductivity, and so the hydrogen overvoltage mea-
surements were limited to current densities below 30 or 40 
ma/cm2 • The experimental data are given in Tables XIX to 
XX. The overvoltage versus the logarithm of the current 
density relationship follows Tafel's law. The Tafel lines 
plotted from the experimental data are shown in Figure 15 
on page 84. Acid concentration does not seem to have very 
marked effect in this case. 
Tr1fluoroacet1c acid (CF8 COOH), on the other hand, 
shows high conductivity, and overvoltage measurements 
could be extended to as far as 300 ma/cm2 in 1 N acid. 
Experimental data are compiled in Table XXI. Tafel's re-
lation was obeyed, but a break was noticed at around 40 
ma/cm2, after which the slope became somewhat steeper. 
(See Figure 15 on page 84). 
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Tab1e XIX 
Hydrogen overvoltage on pure iodide titanium in l N acetic 




















Run Run Run 
:mo:-i No~-'2 tw;-, 
+0.031 +0.033 +0.026 
-0.742 -0.770 -0.068 
-0.819 -o.843 -0.828 

















Average (volts) (%) 
-----
-0.760 -0.018 2.37 
-0.830 +0.013 1.57 
-0.901 -0.039 4.33 
-0.961 ±0.039 4.06 
-0.999 *0.00'7 0.10 
----- -----
-1.114 +0.063 5.52 
Average maximum deviation = ~0.030 volts 
or :J.09 % 
Temperature: Run No. 1 at 34vc. 
Run ~o. 2 at 32°0. 
Run No. 3 at 34°0. 
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Table XX 
Hydrogen overvoltage on pure iodide titanium in 2 N acet1 
acid (OHsCOOH). 
Current :ftrdro?en overvo1tage 
density volts) 
(ma/cm8 ) RWl. Run Run Avera5e 
Mo. 1 No. 2 No. 2 
0 +0.018 +0.039 +0.019 
-----l -0.734 -0.786 -0.764 -0.764 
2 -0.804 -0.846 -0.844 -0.833 
4 -0.858 -c.~81 -0.9(Jf •0.882 
10 -0.903 -0.956 -0.951 -0.936 
20 
-0.965 -1.034 -1.036 -1.012 







Average maximum deviation= ~Q.041 volts 
or 3.46 % 
Temperature: Run No. l at 32°0. 
Run No. 2 at 34°0. 











Hydrogen overvoltage on pure iodide titanium in 1 N tr1-
fluoroacetic acid (CF3 COOH). 
Current ~ Hydro~en overvoltage 
density volts) 
(ma/cm2 ) Run No. 1 Run No. 2 Average 
0 -0.045 -0.044 
-----
l -0.596 -0.595 -0.596 
2 -0.641 -0.636 -C.639 
4 -0.680 -0.678 -0.679 
10 -0.740 -0.732 -0.7,36 
20 -0.778 -0.789 -0.784 
40 -0.831 -0.859 -0.845 
100 -0.940 -0.958 -0.949 
200 -1.017 -1.052 -1.035 
300 -1.ar2 -1.098 -1.085 
0 -0.044 -0.112 ... ----
Average maximum dev~ation = •o.oar volts 
or o.82 % 
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P1Gure 15 
Hydrogen overvo1ta.Ge on pure titanium versus 
locari tlun of current density in acetic and 
trifluoroacetic acids. 
(E) Bases. 
Experiments were also conducted in basic solutions 
such as potassium and sodium hydroxides. 
0.1 N, l N and 2 N potassium hydroxide were used. 
Experimental data are compiled in Tables XXII to XXIV. 
Figure 16 on page 91 shows the plot of hydrogen overvolt-
age versus the logarithm of the current density. It can 
be seen from Figure 16, that Tafel!s law holds quite well 
in 0.1 N and 1 N potassium hydroxide solutions. The in-
tercept on the potential axis (or the ~ constant) becomes 
less negative with higher concentration; while the slope 
I 
(or the b constant) tends to be less steep with higher 
concentration. In 2 N potassium hydroxide, however, the 
Ta~el relation does not seem to hold any longer, and the 
ov:ervoltage versus the lo5arithm of the current density 
plot becomes a curve rather than a straight line. 
The sodium hydroxide solutions used in the over-
voltage measurements were 0.1 N and 1 N in concentration. 
Exyerimental data are given in Tables 'XXV and XXVI. Fi-
gure 16 shows the plot of hydrogen overvoltage versus the 
logarithm of the cur·rent density. Tafel's relation holds 
true in the O.l N solution, but fails in the 1 N solution. 
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T"ahle XXII_ 
Hydrogen ov.ervoltage on pure iodide titanium in 0.1 N KOH. 
Current_ H,ydro~en ovarvoltage 
density volts) 
(ma/cm2 ) Run No. 1 Run No. 2 Averase 
0 -0.324 -0.249 ----~ 
1 -1.332 -l:.343 -1.338 
2 -1.394 -1~387 ·-1.391 
4 -1.446 -1.434 -1~440 
10 -1.503 -1;491 -1.497 
20 -1.539 -1.540 -1.540 
40 -1.584 -1.614 -1.599 
60 -1.629 -1.626 -1.628 
100 -1.673 -1.691 -1.682 
200 -1.736 
300 -1.923 
Average maximum deviation= :ro.005 vo1ts 
or 0.30 % 
T"emperature: Run No. 1 at.25~0. 














Hy'drogen overvoltage on pure iodide titanium in 1 N KOH. 
Current Htd.ro~en overvo1tage Maximum 
d.ens1ty volts) deviation 
(ma/cm2 ) Run Run Riin:: Avera5e- (volts) (%) . -
No. 1 No. 2 No. 3 
0 
-0.556 -0.594 -0.557 
-----1 
-1.295 -1.276 -J.i.298 -l'.290 -0~014 1.09 
2 
-1.337 -1.317 -1.333 -1.329 -0.012 0.90 
4 
-1.378 -1.355 -1.351 -1.361 +0.017 1.25 
10 
-1.427 -J.. • .410 -1.385 -1.407 -0.022 1.56 
20 
-1.454 -J:.464 -1;432 -1.450 -0.018 1.24 
40 -1;497 -1.504 -1~464 -l.488 -0.024 1.61 
60 
-1.519 -1.557 -l.A-94 -1 •. 523 +0.034 2.23 
100 
-1.563 -1.614 -1.536 -l.';571 +o.043 2.14 
200 
-----





Average maximum deviation = :t:o.032 volts 
or l .. 70 % 
Temperature: Run No. 1 and Run No. 
Run No. 3 at 28°0. 
2 at 32•0. 
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Table XXIV 
Hydrogen overvol tage on pure iodide t1. tanium in 2 N KOH. 
Current Hydro?en overvo1tage 
density volts) 
(ma/cm2 ) Rwi Rl.ln_ Run Avera5e 
No. 1 No. 2 No. 3 
0 -0.858 -0.924 -0.862 
-----l -1.251 -1.266 -1.263 -1.260 
2 
-1.272 -1.283 -1.279 -1.278 
4 -1.301 -1•310 -1.308 -1.306 
10 
-J:.352 -1.354 -1.362 -1.359 
20 
-1.398 -1.394 -1.421 -1.404 
40 -1.4~9 -1.426 -1.483 -1•449 
60 -1.499 -1.470 
-1.553 -1.507 
100 
-1.583 -1.504 -l.670 -1.587 
200 
-1.771 -1.627 -1.730 -1.709 














Averagama.ximum deviation= ~c.032 volts 
or 2.24 % 
Temperature..: Run No. 1 and Run No. 3 at 30°0. 















~drogen overvoltage on pure iodide titanium in O.l N 
NaOH. 
Curr_ent Hydro1en overvoltage 
density volts) 




1 -1.360 -1.342 -1.351 
2 
-l.425 -1:.414 -l'.420 
4 -l;A88 -1.483 -l.486 
10 
-J:.561 -1.560 -J:.561 
20 -1.622 -1.613 -1.618 
40 -1.680 -J:.675 -1;678 
60 -l:.729 
____ .. 
------100 -1.805 -1.854 -1.830 
200 -2.625 
----- -----
Average maximum deviation= ±0.008 volts 
or o.46 % 
















Hydrogen overvoltage on pure iodide titanium in l N NaOH. 
Current . .Hydro~en overvoltage 
density volts) (ma/cm2 ) Rwi Run .Run Averase 
No. l No. 2 No. 3 
0 -o.443 -0.512 -0.479 -----
l -1'.257 -1.264 -1•281 -1.267 
2 -1.283 -1:.289 -1·;302 -l:~291 
4 -1.310 -1.329 -l:.329 -1:~323 
10 -1;356 -1.392 -1.:;83 -1.377 
20 -1.405 -:-l·.454 -1.435 -1:•431 
40 
-l-•463 -J:.505 -1.498 -1.489 
60 -1.514 -1.564 -1-.553 -1.544 
100 -1.591 -1.658 -1.631 -1;627 
200 
_._ ___ 
-1.797 -1.773 -1;785 
Average maximum\dev~ation = *0.021 volts 
or -l~.00 % 
Temperature: Run No. l and Run No. 2 at 35~0. 
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Figure 16 
Hydrogen overvoltage on pure titanium versus 




Hydrogen OverYoltage on Less Pure Titanium 
Experiments of hydrogen overvoltage measurements on 
pure titanium, in various kinds of electrolytes, have been 
described in the preceeding chapter. A very remarkable 
and interesting result was that the hyd.rosen overvoltage 
did not follow Tafel's logarithmic relation in hydrofluo-
ric acid, but it did follow it in almost all other elec-
trolytes. It was also found that a linear overvoltage 
versus current d~nsity relationship seems more likely to 
prevail in the case where hydrofluoric acid is the elec-
trolyte. As the titanium used in these preceedin.g experi-
' ments was of the purest grade obtainable (99.99% Ti), it 
was of interest to know whether these characteristics 
still holds true for less pure titanium. To this end, 
another ser~es of experiments was carried out in which hy-
d.rogen overvolte0 e measurements were made on relatively 
less pure Remington Arms titanium in hynrofluor1c acid, 
and in sulfuric acid. 
The purity of the metal, according to the data of 
current literature 44 >, is 99+ % Ti. Volumetric analyses 
44) Hitchinson, G. E., and Per~ar, P. H., Corrosion, 2, 
319, (1949) 
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done in our laboratory, by titrating trivalent tite...~ium 
salt with ferric ammonium sul~ate in a ca~bon dioxide at-
mosphere gave an average figure of 98.99 ± 0.02 % Ti. The 
results of ~.ydro5en overvoltage measurements showed that, 
similar to the case with pure titanium, the hydrogen over-
volta~e does not follow Tafel's logarithmic relation in 
hydro~luoric acid {here again, a linear relation holds in-
stead), but it does follow it in sulfuric acid. These ex-
periments are more fully described as follows: 
(A) Hydrofluoric acid. 
Data obtained in O.l 1r, 0.2 N and 0.5 M hydrofluo-
ric acid respectively are compiled in Tables XXVII to 
XXIX. A few typical semi-logarithmic plots (overvoltage 
plotted against the logarithm of the current density) are 
given in Figure 17 on page 97, which shows that Tafel' a 
relation evidently does not hold in this case. ':r.aen, hou-
ever, the hydrogen overvoltage is plotted directly against 
the current density, es shown in Figure 18 on page 98, 
straight lines are obtained. Correspond1Il6 lines pre-
viously obtained with experiments using pure titanium are 
reproduced on this same figure in dotted lines, for ready 
comparison. 
Tab.le XXVII 
Hydrogen overvo1tage on Remington Arms titanium in 0.1 N 
HF. 
Current Hydrofen overvoitage 
density volts) 
(ma/cm2 ) Run No. 1 Run No. 2 Av:era5e_ 
0 -0.765 -0.766 -0.766 
1 -0.765 -0.766 -0.766 
4 -0.784 -0.792 -0.788 
8 _____ .... -0.817 
-----




------40 -0.971 -0.999 -0.985 
75 -1.162 -1.218 -1.190 










4 -0.111 -0.771 -0.774 
1 -0.759 -0.755 -0.757 
0 -0.749 -0.748 -0.749 
Average max~mum devj.at1on = z0.008 volts 
or o.80 % 
Temper.ature: Run No. l at 27°C. 
















Hydrogen overvoltage on Remington Arms titanium in 0.2 N 
HF. 
Current Hydro~en overvo1tage 
density volts) 
(ma/cm2 ) Run Run . Run 
No. l No. 2 No. 2 Avera5e 
0 -0.110 -0.771 -0.766 -0.769 
l -0.774 -0.771 -0.768 .:.o. 771 
4 -0.792 -0.787 -0.780 -0.788 
8 -0.803 -0.805 -0.795 -0;801 
12 -0.827 -0.824 -0.805 -0.819 
20 
------
-o.841 -0.839 -0.840 
4o -0.938 -0.913 -0.919 -0.923 
80 -1.112 -1.075 -1.059 -1.082 
100 -1.189 -1.127 -1.131 -1.149 
80 -1.080 -1.033 -1.047 -1.153 
40 -0.901 -0.890 -0.901 -0.897 
20 __ ..., __ \ -0.820 -0.823 -0.822 
12 -0.800 -0.792 -0.793 -0.795 
8 -0.781 -0.774 -0.778 -0.778 
4 -0.110 -0.762 -0.766 -0.766 
1 -0.754 -0.756 -0.756 -0.755 
0 -0.754 -0.756 -0.750 -0.753 
Average maximum deviation = ±Q.013 volts 
or l-38 % 
Temperature: Rwi No. l at 25~0. 
Run No. 2 at 26°0. 















Hydrogen overvoltage on Remington Arms titanium in 0.5 N 
HF. 
Current Jtrdro~en ov.er.vo1ta:ge Maximum. 
density volts) deviation (ma/cm2 ) RUn Run ~ Run Averase (volts) <%> No. l No. 2 No. 2 
0 -0.774 -0.766 -0.777 -0.772 -0.006 0.78 
l -0.776 -0.776 -0.781 -0.778 +0.003 0.39 
4 -0.782 -0.779 -0.787 -0.783 :1:0.004 0.51 
12 -0.803 -0.788 -0.807 -0.799 -0.011 1.38 
40 -0.860 -0.853 -0.872 -0.862 +0.010 1.16 
Bo 
-0.92f? -0.924 -0.966 -0.939 +0.027 2.87 
100 
-----
-0.937 -0.988 -0.963 :t0.026 2.70 
120 -1.067 -0.983 -1.012 -1.021 -0.038 3.72 
100 
-----
-0.926 -0.955 -0.941 
80 -0.924 -0.869 -0.905 -0.899 
40 -0.847 -0.823 -0.833 -0.834 
12 -0.788 -0.785 -0.791 -0.788 
4 -0.771 -0.770 -0.776 -0.772 
l -0.769 -0.766 -0.769 -0.768 
0 -0.766 -0.766 -0.767 -0.766 
Aver.age·-maximum deviation= :t0.016 volts 
or l .. 72 % 
Temperature: Run No. l and Run No. 3 at 26°0. 
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Figure 17 
Hydrogen overvol ta5e on 3.em1J16ton Arms titanium 
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Figure 18 
Comparison of hydrogen overvoltage on pure 




A close examination or Figure 18 shows the follow-
in~ differences between pure iodide and Remin3ton Arms 
titanium: 
1. Although the slope of these lines shows a simi-
lar tendency to change with acid concentration in both 
cases, being steeper with more diluted acids, the slope 
seems to be even steeper with Remin5ton Arms titanium than 
with pure iodide titanium. 
2. \lhereas the intercepts on the potential axis 
also change with acid concentration in the case of pure 
titanium (being more negative with higher concentration); 
they nevertheless remain nearly constant for all these a-
cid concentrations in the case of Remington Arms titanium. 
It should be pointed out here that the intercept 
just mentioned is the potential of titanium measured at 
zero current density, (i.e., without any external current 
passing through the cell), and is therefore to be dif-
ferentiated from the intercept in the semi-logarithmic 
plot; in which case the intercept would be the potential 
measured when the 105arithm of current density is zero, or 
in other words, when the current density is 1 ma/cm2 , as 
log l = o. 
That the zero current potential of Remington .l\rms 
titanium in hvdrofluoric acid is nearly independent of 
acid concentration over such a range uas also previously 
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observed by Strauma.nis and Chen 45). It was also noticed 
45) Straumanis, M. E., and Chen, P. c., Journal of the 
Electrochemical Society, 2§., 238, {1951) 
in the experiments oi this investigation that a dark film 
was formed on the surface of titanium as they reported. 
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(B) Sulfuric acid. 
Overvoltage measurements were made in 0.1 N, l N 
and 4 N sulfuric acid, and Tables XXX to XXXII show these 
experimental data. 
Figure 19 on page 105 shows the Tafel lines, ob-
tained by plotting the hydrogen overvoltage against the 
logarithm of the current density. Corresponding lines ob-
tained from previous experiments with pure titanium are 
reproduced in dotted lines on the same figure for compari-
son. The following points are of interest: 
1. The intercepts on the potential axis (current 
density of 1 ma/cm2 ,) almost coincide with each other for 
the same acid concentration in both cases. 
2. There is a notable change in slope with acid 
concentration in the case of pure iodide titanium, becom-
ing steeper with dilution; but in the case of Remington 
Arms titanium the slope remains almost constant. 
3. A visible dark film was formed on the Remington 
Arms titanium in the course of the experiment, and while 
the pure iodide titanium was slightly tarnished, no such 
dark film was ever observed. 
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T"ab:l.e XXX 
Hydrogen overvoJ.tage on Remington Arms titanium in 0.1 N 
H2S041 • 
Current .Hydro~en overvoltage 
densj.ty vol. ts.) (ma/cm2 ) Run No. 1 Run No. 2 Av.erase-
0 .:.0.004 -0.018 
-----1 -0.578 -0.570 -0.574 
2 -0.611 -0.609 -0.610 
4 -0.664 -0.663 -0.664 
10 
-0.734 -0.724 -0.729 
20 -0.769 -0.758 -0.764 














Average maximum deviation = z0.004 volts 
or 0.58 % 












Hydrogen overvoltage~on Remington Arms titanium in l N 
Ha so •• 
Current H;ydrof en overvol t.a.ge. 
density volts) (ma/cm8 ) Rwi No. l Run No. 2 Avera5e 
0 -0.063 -0.025 ------
l -0.507 -0.513 -0.510 
2 
-0.544 -0.548 -0.546 
4 -0.591 -0.600 -0.596 
10 -0.650 -0.653 -0.652 
20 -0.683 -0.680 -0.682 
40 -0.720 -0.719 -0.720 
100 






1 -0. 6 
Average maximum devj.ation_= z0.002 volts 
Temperature: Run No. 1 at 25°c. 













Hydrogen overvo1tage on Remington Arms titanium in 4 N 
Ha so .... 
Current Hydro~en overvo1~age 
density vo1ts.) 
(ma/cm2 ) Run:No. 1 Run No. 2 Avera5e, 
0 -0.294 -0.318 
-----
1 -0.466' -o.458 -o.462 
2 -0.511 -0.501 .:.0-.506 
4 
-0.557 -0.543 -0~550 
10 -0.610 -o.608 -0.609 
20 -o.646 -0.651 -0.649 
40 -0.685 -0.685 -0.685 

















__ .., __ 
1 -~---- -0.441 
0 -0.209 -0.283 
Average maximum deviation_= :0.003 volts 
or 0.54 % 



















Comparison of hydrogen overvoltase on pure 




Effect of Addition Ag~nts on 
Hydrogen Overvoltage 
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The hydrogen overvoltase on a metal in a pure elec-
trolyte usually changes with the addition to the electro-
lyte of a salt or an or5anic compound. It has been re-
ported by some investigators 46 ' 47) that salt additions 
cause a decrease of the~ constant of Tafel's equation for 
mercury cathodes, though the b constant remains unaffect-
ed. Gill ll) found that the ~.ydrogen overvoltage on 
46) Lavina, s., and Zarinsky, V., Acta Physicochim., 
U.S. S.R., 7, 4<S5, ( 1937) 
47) Iofa, z. A., Kabanov, B., Kuchinski, E., and Chistya-
kov, F., Acta Physicochim., U.S.S.R., 10, 317, (1939) 
11) Gill, C. B., Op. Cit., 156 
copper and platinum in hydrofluoric acid was decreased if 
ammonium fluoride was added. He also noticed that the ~ 
constant was decreased while b was only slightly influ-
enced. ~etterhold 48 ) found that the addition of some 
48) \"letterhold, A., Trans. Far. Soc., ~' 861, (1949) 
orsan1c compounds, such as ethyl alcohol, acetaldehyde, 
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etc., decreased the hydrogen overvolta3e at silver, cop-
per, nickel and platinum cathodes. He indicated that this 
decrease bears some relation to the reducibility of the 
compound added. 
In the previous two chapters the experimental re-
sults of measuring hydrogen overvoltage on titanium in 
pure electrolytes were mentioned. Another series of ex-
periments was carried out in hydrofluoric acid with the 
addition of various concentrations of alkali fluoride and 
organic compounds with the concentration of hydrofluoric 
acid being kept constant at O.l N in all cases. Also, a 
\ 
few experiments were performed in mixed electrolytes con-
taining complex salts of titanium. Pure iodide titanium 
was used as the cathode in all of these experiments. 
(A) The effect of adding ammonium fluoride. 
EYperiments were carried out in which the solution 
for electrolysis was so prepared that its concentration of 
hydrofluoric acid was kept constant at 0.1 N, and ammonium 
fluoride was added to obtain concentrations respectively 
of 1 M, 2 M, 4 M and 8 M. The results of these experi-
ments are shown in Tables XXXIII to XXXVI. Figure 20 on 
page 112 shows the hydrogen overvoltage plotted against 
the current density for such solutions. 
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Table XXXIII 
Hydrogen overvoltage on pure iodide titanium in O.l N HF 
with l M NR.F added. 
Curr.ant ... H;rdro~en ov.ervo1tage Maximum 
density volts) deviation (ma/cm2 ) Run No. 1 Run No. 2 Avera5e (volts) (%) 
0 -0.96~ -0.971 -0.970 *0.002 0.21 
4 -0.979 -0.981 -0.980 :1:0.001 0.10 
10 -0.994 -0.990 -0.992 ±0.002 0.20 
20 -1.016 -1.019 -1.018 ±0.002 0.20 
30 -1.054 -1.047 -1.051 :1:0.004 0.38 
40 -1.061 -1.057 -1.059 ±0.002 0.19 
50 -1.067 -1.061 -J:;064 :0.003 0.28 
60 -1.064 -1.065 -1.065 :1:0.001 0.09 
70 -1.071 -1.0'70 -1;crr1 :1:0.001 0.09 
80 
-1.075 -1.071 -J:.C173 •0.002 0.19 
90 -1.an -1;072 -1.075 :0.003 0.28 







Average maximum deviation= •0.002 volts 
or 0.23 % 
Temperature: Run No. 1 at 23°0. 
Run No. 2 at 24°0. 
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Table XXXIV 
Hydrogen overvoltage on pure iodide titanium in O.l N HF 














































Hydrogen overvoltage on pure 1·cliae titanium in 0.1 N HF 























Run No. l Run No. 2 Average 
-1.017 -1.014 -1.016 
-1.024 -1.029 -1.027 
-1.047 -1.055 -1.051 
-1.097 -1.102 -1.100 
-1.110 -1.113 -1.112 
-1.117 -1.117 -1.117 
-1.120 -1.125 -1.123 


























Average maximum deviation = ±0.003 volts 
or 0.29 % 

















Hydro~en overvoltage on pure iodide titanium in 0.1 N HF 
with M NH~F added. 
Current .Hydro~en.over.v~ltage 
dens.ity volts) 
(ma/cm8 ) Run No. 1 Run_No. 2 Avera5e 
0 -1.047 -1 •. 047 -1.047 
4 -1.101 -1.110 -1.106 
10 
-1.109 -1.114 -1.112 
20 
-1.139 -1.139 -1.139 
30 -1.149 -1.154 -1.152 
40 




-1.165 -~~175 -1-.170 
70 -1.167 
-------- -----80 -1.166 -1.183 -1.175 
100 ..:.11.170 -J...188 -1.179 
200 -1.185 -1.206 -1.196 
300 -1.199 -1.223 -1.211 
200 -1.147 -1.164 -l:.156 
100 -l~.o84 -1.103 -1.094 
50 -1.031 -1.052 -1.042 
20 
-0.977 -0.991 -0.984 
10 -0.954 -0.979 -0.967 
4 -0.874 -0.876 .:.0.875 
0 -o.643 -o.649 -o.646 
Average maximum deviation= ±0.005 volt's 
or o.46 % 
T.emperature: Run No. 1 at-.24°C 
Run No. 2 atJ25°C. 
Maximum 
deviat1.on 
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Figure 20 
Hydrogen overvoltage on pure t1tan1tim versus 
current density in 0.1 N hydrofluoric acid 





























4 10 20 40 100 zoo 300 
log 10 Current Densil:y (ma.fem'-) 
Figure 21 
Hydrogen overvolta.ge on pure titanium versus 
logarithm of curren t density in 0.1 N hydro-
fluoric acid with the addition of 8 14 
ammonium fluoride. (See p. 107 for the pre-
paration of solution.) 
The important points of these experiments are as 
follows: 
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1. The addition of ammoniwn fluoride has a marked 
effect in decreasing the hydrogen overvoltage on titanium, 
i.e., in making the potential of the titanium more nega-
tive. 
2. The higher the concentration o:r ammonium :fluo-
ride added, the more negative the hydrogen overvoltage be-
comes. 
3. The straight line relationship of overvoltage 
versus current density still holds at current densities 
\ below 30 ma/cm2 , for concentrations up to 4 Min these ex-
periments. When the current density exceeds 30 ma/cm2 , 
there is a break, after which the slope of the line be-
comes less steep. (See Figure 20). 
4. r:r, however, a very large amount of ammonium 
fluoride is added, such as the 8 M solution in these ex-
periments, then the straight line relationship no longer 
holds true. Instead, a logarithmic relation seems more 
likely to prevail, as can be seen by the semi-logarithmic 
plot in Figure 21 on page 113. 
5. The addition o:r ammonium fluoride also has some 
effect in retarding the dissolution of titanium in hydro-
fluoric acid, more so with larger additions, as estimated 
by the relative amount of hydrogen bubbles appearing on 
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the titanium electrode when the latter is immersed in the 
solution prior to any passage of current. With the addi-
tion or ammonium fluoride to a concentration of 8 M, the 
dissolution very nearly _oeased altogether. 
6. In the course of the experiment with 1 Mammo-
nium fluoride, a dark greyish scale was formed on the sur-
face of the titanium cathode. With additions of the high-
er concentrations of ammonium fluoride, such as 2 N or 
greater, the scale was not noticeable. 
7. With additions of the lower concentrations of 
ammonium fluoride, a fine dispersion of gas was noticed in 
the solution during electrolysis. This effect became less 
and less marked as the concentration of ammoniwn fluoride 
was increased. 
(B) The effect of adding sodium fluoride. 
Experiments were carried out in which sodium fluo-
ride was added to the solution, so that the concentrations 
of this salt were 0.01, 0.02, O.l, 0.2, 0.3, 0.5 and 1 M 
respectively, while that of the hydrofluoric acid was 
maintained at O.l N in every case. Concentrations of so-
dium fluoride hi3her than 1 M cannot be achieved because 
the maximum solubility of sodium fluoride in 0.1 N hydro-
fluoric acid is reached at about 1 M solution. Experimen-
tal data are tabulated in Tables XXXVII to XLIII. 
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Table XXXVII 
Hydrogen overvo1 tage on pure iodide titanium in 0.1 N HF 
With 0.01 M NaF added. 
Curr_ent HYdrofen overvo1tage 
density volts) 
(ma/cm2 ) Run No. 1 Run No. 2 Avera.ge .. 
0 -0.845 -0.846 -0.846 
4 -0.859 -0.854 -0.857 
10 -o.864 -0.860 -0.862 
20 -0.883 -0.871 -0.877 
30 -0.904 -0.893 -0.899 
40 -0.927 -0.913 -0.920 
50 -0.942 -0.938 -0.940 





Average maximum deviation = :1:0.003 volts 
or 0.52 % 















Hydrogen overvoltage on pure iodide titanium in O.l N HF 
With 0.02 M NaF added. 
Current_ Hydro~en over.iro1tage 
density volts) 
(ma/cm2 ) Run No. l Run No. 2 Average 
0 -0.856 -0.859 -0.858 
4 -0.861 -0.862 -0.862 
10. -0.878 -0.88J. -0.880 
20 -0.902 -0.914 -0.9C8 
30 -0.932 -0.931 -0.932 
40 -0.971 -0.962 -0.967 
50 -1.090 -1~070 -1.080 
60 -1.199 -1.169 -1.184 
70 -1.289 -1.263 -1.276 










Average maximum deviation = :t0.006 volts 
or 0.52 % 















Hydrogen overvo1 tage on pure iodide titanium in O.l N HF 
With O.l M NaF added. 
Current H;ydro~en overvo1tage 
density volts) 
(ma/cm2 ) Run No. l Run No. 2 Avera.5e 
0 -0.906 -0.906 -0.906 
4 -0.912 -0.914 -0.913 
10 -0.932 -0.927 -0.930 
20 
-0.983 -0.977 -0.980 
30 -1.200 -1.213 -1.207 
40 -1.278 -1.281 -1.280 
50 -1.297 -1.313 -1.305 
60 -1.328 -1.325 -1.327 
80 
-1.359 -1.353 -1·.356 
100 
-1.376 -1.371 -1.375 
150 -1.424 -1.414 -1.419 
180 











0 -0.865 -0.870 
Average maximum deviation = ±0.003 volts 
or 0.27 % 
Temperature: Run No. l at 23°0. 


















Hydrogen over_vol tage on pure iodide titanium in 0.1 N HF 
with 0.2 M NaF added. 
Current Hydro~en overvnltage 
density volts) 
(ma/cm2 ) Rwi No. l Run No. 2 Average 
0 -0.942 -0.941 -0.942 
1 -0.960 -0.956 -0.958 
4 -1.021 -1.020 -1.021 
10 -1.368 -1.350 -1.359 
20 -1.422 -1.418 -J..420 
30 -1.448 -1.447 -1.448 
40 -1.459 -1.460 -J..460 
60 -1.478 -1.479 -1.479 
80 -1.496 -1.496 -1.496 
100 -1.514 -1.515 -1.515 
150 -1.562 -1.563 -1.563 
200 -1.605 -1.603 -1.604 
100 -:L.488 -1.497 -1.493 
60 -1.423 -1.431 -1.427 
30 -1.355 ----- --r----
20 -1.308 -1.299 -1.304 
10 -1.178 -1.165 -1.172 
4 -0.986 -0.981 -0.984 
l -0.965 -0.963 -0.964 
0 -0.909 -0.902 -0.906 
Average maximum deviation = zo.002 volts 
or 0.13 % 
Temperature: Run No. l at 23°0. 


















Hydrogen overvol.tage on pure iodide titanium in O.l. N HF 
with 0.3 M NaF added. 
Current Hydro~en overvo1tage 
density volts) 
(ma/cm2 ) Rwi No. l Run No. 2 Avera5e 
. 
0 (a) 
-0.975 -0.967 -0.971 
0 (b) -0.829 -0.805 -0.8l.7 
1 -1.280 -1.288 -1.284 
4 -l..388 -1.385 -1.387 
l.O -1.435 -l.4P~ -1.420 
20 -1.474 -1.473 -1.474 
40 -1.508 -1.50'7 -1.508 
60 -1.522 -1.572 -1.547 
100 -1.591 -1.592 -1.592 
200 -1.671 -1.679 -1'.675 
300 -1.752 -1.759 -1. 756-
200 -1.651 








Average maximum deviation = =o.ocrr volts 
or o.48 % 















Two readings were taken at zero current density: 
(a) immediately after the titanium electrode was im-
mersed in the electrolyte,and 
(b) when dissolution of titanium ceased,about 80 minut s 
after.immersion in these experiments. 
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Tab1e XLII 
Hydrogen ov.er.voltage on pure 1od1d..e titanium in O.l N HF 
with 0.5 M NaF a.ddeci. 
Current Hydro~en ov~rvo1tage l·Iaximwn 
densit{ volts) deviation (ma/cm ) Run No. l Run No. 2 Avera5e 
. 
0 (a) -1.000 -0.979 -0.990 
0 (b) -0.792 -0.780 -0.786 
l -1.290 -1.257 -1.259 
4 -1.382 -1.381 -1.382 
10 -1~468 -1.448 -1.458 
20 -1~544 -1.504 -l:.524 
30 -1.575 -1.539 -1.557 
40 -1.575 -1.565 -1.570 
60 -1.609 -1.611 -1.610 
Bo -1.632 -1.648 -1;640 
100 -1.655 -1.686 -1.671 
200 -1.771 -1.805 -1.788 








Average _maximum dev~ation = z0.011 volts 
or 0.73 % 















TWo readings were ta.lten at zero current density: 
(a) immediately after the titanium electrode was 
immersed in the electrolyte,and 
(b) when dissolution of titanium ceased,about 20 

















Hyd.rog~n overvoltage on pure iodide titanium in 0.1 N HF 



















Run No. 1 1 Run No. 2 Average-
-1.003 -1.003 -1.003 
-0.733 -0.749 -0.741 







-1.607 -1.613 -l;.610 
-1.648 -1.640 -1.644 
-1.659 -1.649 -1.654 
-1.690 -1.679 -1.685 
-1.714 -1.699 -1. 1r:n 
-1.721 -1.708 -1.715 
-1.752 -1.744 -1.748 
-1.790 -1.786 -1.788 
Avsrage maximum deviation = ::1:0.005 volts 
or 0.28 % 

















Two readings were taken at zero current density: 
{a) immediately after the titanium electr..ode:'Was 
_ immersed in the electrolyte,and 
{b) when disaolution of titanium ceased,about' 10 
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Fi e 22 
Hydrogen overvol taga on pure titanium versus 
current density in 0 .1 hydrofluoric acid 
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Figure 23 
Hydrogen overvolta e on pure titanium v rsus 
logarithm of current ens1 ty 1n • H dro-




Figure 22 on page 123 shows -the plot of the hydro-
gen overvolta e versus the current density. Some impor-
tant points brought out in these experiments are as 
follows: 
1. The addition of sodium fluoride has a very 
strong effect towards decreasing the hydrogen overvoltage, 
or in other words, making it more negative. In this res-
pect, sodium fluoride is even more effective than ammonium 
fluoride. For example, at a current density of 30 ma/cm2 , 
the overvoltage is about -0.89 volts in pure O.l N hydro-
:rluoric acid, but it becomes about -1.05 volts in the same 
acid with the addition of ammonium fluoride to a concen-
tration of l ¥, and -1.64 volts with the addition of so-
dium fluoride to a concentration of l M. 
2. The hiS}ler the concentration of sodium fluoride 
added, the more negative will be the hydrogen overvoltage. 
3. The straight line relationship of overvoltase 
versus current density holds only at such loT·r concentra-
tions of sodium fluoride solutions as 0.02 M, 0.01 M, etc. 
It was also found that breaks in the curves occur at cer-
tain current densities, depending upon the concentration -
of sodium fluoride in the acid solution. For example, the 
break occurs at 50 ma/cm2 with the case of 0.01 M sodium 
fluoride, while with 0.02 1·1 sodium fluoride, the break in 
the curve is shifted to someuhere armmd 40 ma/cm2 • Thus, 
it seems that the b1~eak uill occur a".:, lower current densi-
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ties with higher concentrations of sodium fluoride. By 
comparing the curves or Figure 22 with those of Figure 20, 
it can be seen that with the addition of sodium fluoride, 
the slope of the curve after the break is steeper than be-
fore t~e brealr; while the reverse is true for the addition 
of ammonium fluoride, with the curve being flo.tter after 
the break. ~~nen the concentration of sodium fluoride is 
increased still further, such as C.l M aid 0.2 M, the 
brealcs occur at still lower current densities, and then 
instead of breaking into another straight line, a curve 
results whica has a sudden drop at first, and is fairly 
flat at higher current densities. (Sec Figure 22). 
4. When tho concentration of sodium fluoride 
reaches 0.3 M or higher, the behavior of the titanium 
electrode is entirely dif~erent. First of all, the zero 
current potential tends to become more and more positive 
with time, and reaches a steady state after long standin~. 
Then, if the overvoltage measurements are started after 
the steady state has been established, the overvoltaee-
current density relationship becomes definitely logarith-
mic, and gives fairly good Tafel lines. (See Figure 23 on 
page 124 for the semi-logarithmic plot.) 
5. The addition of sodium fluoride to hydrofluoric 
acid has a substantial effect in retarding the rate of 
dissolution of titanium in the acid, the effect increasin3 
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with greater amounts of sodium fluoride added. In this 
aspect this salt is more effective than either ammonium 
or potassium fluoride, and with a concentration of 0.3 M 
sodium fluoride added, the dissolution of titanium is al-
most completely retarded. 
6. There was also a ~ormation of scale on the ti-
tanium electrode surface during the experiment when the 
concentration of sodium fluoride reached 0.2 M or higher. 
The scale appeared dark greyish to slightly purplish in 
color and its thiclaiess increased with t·me. Enough was 
collected for an x-ray diffraction examination, but as yet 
the composition has not been established. Spectrum analy-
sis showed only titanium lines. No sodium lines were de-
tectable. At lower concentrations of sodiwn fluoride, 
such as C.l 1·1 or lower, no visible scale ·was noticed. 
7. ~11th 0.3 I-1, or greater, of sodium fluoride, 
there was a very fine dispersion of gas in the solution 
during electrolysis. This effect tends to become less and 
less noticeable with decreasing concentrations of sodium 
fluoride. 
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(C) The effect or adding notassium fluoride. 
Some experiments were also performed usi?l6 potas-
sium fluoride as the addition agent. The concentrations 
of potassium fluoride added were 0.1 M, 0.5 M, l M, 2 M 
and 8 M respectively, while the concentration of hydro-
fluoric acid was kept constant at 0.1 N. 
Experimental data are given in Tables XLIV to 
XLVIII. Figure 24 on pase 134 shows the plot of the hy-
drogen overvoltage versus the current density. 
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Tabl.e XLIV 
Hydrogen overvoltag_e on pure iodide tit,anium in O.l N HF 
















Hydro6en ovenvol tag_a 
(volts:) 
Run No. l Run No. 2 Averase. 
-0.906- -0.886 -0.896 
-0.906 -0.886 -0.896 
-0.909 -0.892 -0.901 
-0.920 -0.913 -0.917 
-0.944 -0.946 -0.945 
-0.974 -0.980 -0.977 
-1.026 -1.0'25 -1.026 
-1.187 -1.147 -1.167 
-1.258 -1.200 -1.229 
-1.331 -1.269 -1.300 
-1.391 -1·.356 -1.374 
-0.836 -0.819 -0.828 
Aver_age maximum dev~ation = ±0.012 volts 
or 1.04 % 






























Hydrogen overvoltage on pure iodide titanium in O.l N HF 
With 0.5 M KF. 
Current Hydro~en overvo1tage- :Maximum 
density volts') deviation 
(ma/cm2 ) Run No. l · Run No. 2 Avera5e (volts) (%) 
-
0 -0.967 -0.968 -0.968 :ro.001 0.10 
l -0.969 -0.970 -0.970 :ro.005 0.10 
4 -0.980 -0.976 -0.978 *C.002 0.20 
10 -1.019 -0.999 -1.009 *0.010 0.92 
20 -1.069 -1.061 -l.065 :o.oo4 0.38 
30 -1.309 -1.273 -1.291 ±0.018 1.40 
40 -1.360 -1;335 -1.348 ±0.013 0.96 
60 
-l.405 -1.389 -1.397 ±0.008 0.57 
80 
-1.438 -1.421 -1.430 :0.009 0.63 
100 -1.465 -1.444 -1.455 *O.Oll 0.16 
200 -1.554 -1.520 -1.537 :0.017 1.11 
0 -0.650 -0.666 -0.658 :ro.ooa 1.22 
Average maximum deviation = *0.009 volts 
or o.61 % 
Temperature: both runs at 25°0. 
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Table XLVI 
Hydrogen ov:ervoltage on pure iodide titanium 1n O.l N HF 
with 1 M KF added. 
Cur~ent Hydro~en overvo1tage 
density volts) 
(ma/cm2 ) Rmi No. 1 Run No. 2 Averae;e 
0 -0.982 -0.991 -0.987 
1 -1.008 -1.011 -1.010 
2 -1.089 -1.070 -1.075 
4 -1.234 -1.230 -1.232 
10 -1.354 -1.355 -1.355 
20 -1.411 -1.410 -1.411 
30 -1.439 -1.441 -1.440 
40 -1.467 -1.463 -l'.465 
60 -1.505 -1.483 -1.494 
80 -1.540 -1.520 -1.530 
100 -1.569 -1.548 -1.559 
200 -1;721 -1~659 -1.680 
300 -,--- -1.756 -----
0 -0.974 -0.958 -0.966 
Average maximum deviation = :1:0.006 volts 
or 0.50 % 
Temperature: Run No.l at 25°C. 

















:i-0 .008 0.83 
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Table .XLVII 
Hydrogen overvoltag_e on. pure. iodide: titanium in. 0.1 N HF 
With 2 M KF added. 
Current Hydro~err ov.erv.ol.tage Maximum 
density v:olta) deVia.tion 
(ma:/cm2 ) Run No. 1 Run No. 2 Avera;se:. 
. 
-1.057 0 (a) -1.052 -1.055 
0 (b_) -0.874 -0.821 -0.848 
1 -1-.258 -1.263 -1.261 
2 
-1.305 .. -1~304 -1.305 
4 
-1•351 -1.354 -1.~53 
10 -l:.ll-20 -1.423 -1-.422 
20 -1·~475 -1:;474 -1.475 
40 
-1.523 -1.519 -JJ.521 
60 
-1.558 -1.553 -1:.556 
100 
-1.595 -1.591 -1.593 
200 -1.678 -1.659 -1.668 
300 -1.736 -l".709 -J:.723 
0 
-q.939 -0~951 -0.945 
Average maximum dav~ation = :o.oo6·volts 
or 0.51 % 
Temperature: Run No. 1 at 24°0. 
















TWo readings' were: taken a.tLzer-o current~denrley-: 
(a-) immedia~ely after~ the.:. immersion of t,he ti tan1 um 
electrod~into the electrolyte,and 
(m) when dissolution of titanium ceased,about 20 
minutes after immersion in this case. 
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Tab1e -XLVIII 
~drogen OV\er_v.oltage on_pure 1od1Qe titJa.nium in 0.1 N HF 
With 8 M KF added. 
Current, Hydroien ov.er.vol t:a.ge- Maximum 
density volts-J dev.1at1on 
(ma/cm2 ) Run No. 1 Run No. 2 Av.era:5e~ (vol ts-) (%) 
- I - -
o_ (a) 
-1.154 -1~132 -1.143 ±0.011 o.96 
0 (b) -0~650 -0.660 -0.655 :K>.005 0.16 
l -1·•376 -J.-;;566 -1'~371 :1:0.005 0.36 
2 -1•425_, -l:~A-18 -1;422 ±0.004 0.28 
4 -1.474 -"J:~467. -l:~471 :o.o04 0.27 
10 -J:.545 -1·~5_!.l.2 .:.1·9544 ±0.002 0.13 
20 -1.603 -1.604 -l.604 :to.001 0.06--
4o -1;6V'2 -l.668 -1.670 ±0.00'2 0.12 
100 -1.828 -l.802 -JJ~815 ±0.013 0.12 
200 .:.]:~959 ' -1~;934 -l!~945) :1:0.011 0.57 
0 -0.954 
----- ----- -----
Average maximunl deviation= ±0.005_.volt-s· 
- or o.42 % 
Temper.a.tUr.e: bDth runs at: ... 25Jc. 
TWo read.1ngs.wera.taken at~zero current density: 
(a) immediately a~ter the~immers~on of: the:titanium 
electrode into the electrolyte;anQ-
(b) when dissolution of titanium ceased,about 20 
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Figure 24 
Hydrogen overvoltage on pure titanium versus 
ourrent density in 0.1 N hydrofluoric acid 
with additions of potassium fluoride. 
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Figure 25 
Hydrogen overvoltage on pure. titanium versus 
logarithm of current density in o. l N ' dro-
fl uor1 o acid with additions of potasa1wn 
fluoride. · 
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Some important points of these_ experiments are: 
l. The addition of potassium fluoride has a very 
pointed effect in decreasing the hydrogen overvoltage. 
Using the same concentration of added fluorides, potassium 
fluoride is more,'effective than ammonium fluoride but 
somewhat less so than sodiUJp fluoride in this respect. 
Comparin,,. the hydrogen overvoltage again at 30 ma/cm2 , the 
addition of 1 M potassium fluoride will shift the over-
voltage from -0.89 volts (in plain 0.1 N hydrofluoric acid 
without any addition agent) to -1.44 volts, while the same 
concentration of ammonium fluoride and sodium fluoride 
I 
added, as previously stated, will give the values of -1.05 
and -1.64 volts respectively. 
2. The higher the concentration of potassium fluo-
ride added, the more negative will be the hydrogen over-
voltage. 
3. With lower concentrations of potassium fluoride 
added, such as 0.1 M, the linear relationship of overvolt-
age versus current density still holds, but a break in the 
curve is found at a certain current density, around 30 
ma/cm2 in the case of 0.1 M potassium fluoride. In this 
connection it is similar to the case of sodium fluoride, 
as the slope of the line becomes steeper after the break. 
Again, as with sodium fluoride additions, with t he higher 
concentrations of potassium fluoride added the breaks in 
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the curves occur at lower current densities, and curves, 
rather than straight lines will ensue after the break. 
(See Figure 24 on page 134). 
4. Another similarity between potassium and sodium 
fluoride additions is that, at still higher concentrations 
of fluoride, the overvoltage-current density relationship 
turns to 105arithmic. However, with potassium fluoride 
higher concentrations are needed for this change. For ex-
ample, with sodium fluoride, the change takes place at a 
concentration of 0.3 M; while with potassium fluoride, the 
logarithmic relation does not hold very well even at 1 M, 
but holds very well when 2 M potassium fluoride is added. 
The semi-logarithmic plot with higher concentrations of 
potassium fluoride additions is shown in Figure 25 on page 
135. 
5. The addition of potassium fluoride also shows a 
remarkable effect towards retarding the dissolution of ti-
tanium in hydrofluoric acid, the more so with the larger 
amount of potassium fluoride added. Almost a comnlete 
cessation of dissolution was observed within about twenty 
minutes in the case of 2 M potassium fluoride. 
6. Scale formation was a3ain noticed on the titan-
ium cathode. The scale appeared dark-3reyish to slightly 
pur~lish in color, very much similar to that formed in the 
case of sodium fluoride additions. The thickness of the 
scale increased with the concentration of potassium fluo-
ride added up to 2 M, and then greatly decreased with 
still higher concentrations such as 8 M. 
7. Foams, probably due to dispersion o~ gas in the 
solution, were formed in the course of electrolysis of 
solution containing higher concentrations of potassium 
fluoride (l Mand up). 
(D) The effect of add1ns organic substances. 
A few experiments were tried with the addition of 
some organic substances in hydrofluoric acid, the concen-
tration of which was kept constant at 0.1 N. These ex-
' periments are described below under the respective heading 
of the substance added. The experimental data are com-
piled in Table XLIX, and a plot of the hydrogen overvolt-




Hydrogen overvolta.ge on pure iodide titanium in 0.1 N HF 
with organic substances added. 
Current:_ ~drogen overvolt.age (volt.s) 
density with. O.l with 0.2% With.0.005% with 0.02% 
(ma/cm2 ) asar-a5ar_ arabic sum metE!:l hlue methil hl.ue 
I 
-0.829 -0.699 0 -0.833 -0.730 
l -0.837 -0.831 -0.735 -0. 1C1l 
4- -0.845 -0-.872 -0.750 -0.719 
10 .:.o.864 -0.924 .-0•773 -0.751 
20 -0.897 -~993 -0-.815 .:.0 .. 793 
30 -0.933 -J.:;.064 -o.866 -o.844 
40 -1;019 -l:~l0'2 -0.915 -0~905 
50 -J.i.251 -1.191 -0.980 -o.gr3 
60 -1.419 -1•29~ .:.1.0~1 -1.093 
70 -1.568 ----.... .:.0.927 





-,--- ----- ----- -1.237 60 -1.145 -1.266 
-----
-1.001 
40 -1.117 -J:;.122 
__ .. __ 
-0 .. 905 
20 -0~913 .:.o.947 
-----
-0 •. 790 
10 -o.a,-,,. .:.o._S~4 
----- ------4 -0.814 
__ _. ___ 
-----
__ .. _ .. 
0 .:.o.so~ -o •. aoo .:.0.121 -0.667 
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Suf:t'1c1ent a.gar-a5ar of u.s.P. grade was added so 
that its concentration ~as 0.1% in the acid solution. 
Such a concentration is sufficient to make the solution 
fairly viscous. 1It can be seen from Figure 26 that, with 
the addition of 0.1% agar-agar, the straight line rela-
tionship between the hydrogen overvoltage and the current 
density still holds at lower current densities. However, 
at current densities higher than 30 ma/cm2 , the potentio-
meter readings fluctuated over a wide range and taking 
readings was extremely difficult. On accou.."Ylt of the un-
certainty of data in such a region, those points \·tere con-
nected with a dotted line. 
2. The addition of arabic sum. 
One eyPeriment was tried using 0.2% arabic gum 
(technical grade) addition. Thick foams were formed all 
over the solution durin electrolysis. The hydrogen over-
voltage was found to be more ne5ative with such an addi-
ti on. The linear relationship of hydrogen overvoltage It 
versus current density holds fairly wall in this case. 
3. The addition of methyl blue. 
Experiments were made with 0.005% an~ 0. 02% methyl 
blue additions. The grade of methyl blue was not given by 
the manufacturers. Even with the addition of such small 
amounts of methyl blue, the solution was colored quite 
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deeply. The linear relationship between overvoltase and 
cur~ent density holds reasonably well with such additions. 
The overall effect or the addition of methyl blue is to 
shift the hydrogen overvoltage slightly in the more posi-
I 
tive direction, this tendency increasing with larger addi-
tions. In the course of one experiment uith 0.005% methyl 
blue, a smell like that of ozone was detected and the 
whole solution became decolorized. 
(E) Mixed electrolytes containing complex titanium 
salts. 
The electrolytes thus far employed in these experi-
ments do not contain any pre-existing salts of titaniwn, 
although titanium does dissolve in hydrofluoric acid and 
forms soluble fluorides in the course of the experiment. 
It seemed desirable to see what would be the result if 
some titanium salts were originally present in the solu-
tion. For this purpose a few overvoltage measurements 
were performed in a solution containing some soluble ti-
tanium salts. Complex titanium salts were used as most 
simple salts of titanium are either insoluble, or else 
tend to hydrolize very readily. 
l. Complex fluoride. 
This solution was prepared in the following manner: 
Filings of pure metallic titanium (collected from the pre-
paration of electrodes from pure iodide titanium), from 
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~hich iron was removed by a strong magnet, were dissolved 
in a calculated excess of l N hydrofluoric acid. After 
dissolution was completed, the liquid was filtered and a 
sodium fluoride solution was cautiously added to the fil-
trate. It was noticed that if too much sodium fluoride 
I 
was added, a violet precipitate appeared, presumably 
Na2 TiF5 , formed according to the reaction: 
2 NaF + TiF3 = Na2 TiF5 
Piccini 49 > prepared (NH~) 2TiF6 and K2 TiF6 by a somewhat 
49) Piccini, A., Atti Linc., 4-1, 47-5C, (1885) 
similar method. (Similar precipitates were ma.de by adding 
rubidium or caesium fluorides.) To avoid this precipitate 
the sodium fluoride was added drop by drop until precipi-
tation just started. Then the pink solution was filtered 
and diluted so as to make the excess acid about 0.1 N. 
That the titanium was present in trivalent condition in 
such a solution can be sho~IIl by its decolorizing e~fect on 
potassium perman6llate solution. The results of ~he over-
voltage measurements in this solution are compiled in 
Table L. Figure 27 shows the overvoltage versus the cur-
rent density plot. As can be seen by comparing the curve 
of Figure 27 (on pa5e 146) with those of ~igure 22 (on 
page 123), the results of this experiment are quite sirni-
144 
lar to those obtained by adding a moderate amount, say 
0.1 or 0.2 M, of sodium fluoride to hydrofluoric acid. It 
should also be mentioned that in the solution so prepared, 
the titanium electrode was still attacked, with the evolu-
tion of hydrogen'on its surface before any passage of cur-
' 
rent. No deposit of titanium on the cathode was notice-
able. 
2. Complex citrate. 
This solution was prepared by Dr. H. R. Hanley of 
the Metallurgy Department of the Missouri School of I.fines. 
The composition of the solution as he reported it, was 20 
grams per liter of titanium as TiC14 , and 260 grams per 
liter of sodium citrate, with ammonium hydroxide added to 
such an extent as to make the pH of the solution 8.7. The 
results of the hydrogen overvoltage measurements in this 
solution are compiled in Table L. A plot of the hydrogen 
overvoltage against the logarithm of the current density 
is given in Figure 28 on page 147. Tafel's relation was 
followed in this case. Po deposit of titanium w0s detect-
able on the cathode, nor was the titaniu~ attacked by this 
electrolyte. 
Table L 
Hydrogen over-vol tag~ on pure iodide titanium in aqueous 
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Figure 27 
Hydrogen overvoltage on pure titanium versus 
current dens1 ty in R solution containir.g 
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Figure 28 
Hydrogen overvoltage on pure titanium versus 
logarithm or current density in a solution 
oonta1n1ng complex citrate or titanium. 
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CE..i\PTER. IX 
Discussion ~nd Conclusion 
(A) Reproducibility of data. 
Generally speakine, the reproducibility of the ex-
perimental data in this investigation was only fair. 
Most of the experiments described in the preceeding 
chapters were performed in duplicate, and some even in 
triplicate. In the tables accompanyin these chapters are 
\ 
listed the dat~ of duplicate runs, and in separate colwnno: 
(a) the average of the measured overvrltage at each cur-
rent density; (b) the maximum (±) deviation from this avel'-
age of the actually observed value; and (c) the maximum 
(±) percenta5e of deviation obtained by d.1v1d1ng-1t~m (b) 
by item (a) and then expressing the quotient in percent. 
If we now sum up the values under item (b) in each 
table, and then divide them by the total number of such 
values accounted for, we can obtain an average of the 
maximum deviation for the particular experiment. Similar-
ly, we can get a maximum average percentage deviation for 
the same experiment if we treat the values under item (c) 
in the same way. The results thus calculated are shown in 
Tables LI to LIII. 
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Tab.le LI 
Deviation of hydrogen overYoltage experimental data from 
the average of duplicate runs found for pure iodide 
titanium in pure electrolytes• 
Electro- Deviation (volts) Dev:iation. (%) Original 
lyte highesx average highest average Tab1e No. 
HF 
0.005.N :1:0.039 :1:0.010 :1:2.68 :1:0.82 II 
0.01 N ±0.020 ±0.008 ±2.10 ±0.85 III 
0.05 N ±0.015 ::1:0.009 ±1.21 :1:0.77 IV 
0.1 N ±0.014 ±0.0Cfl ±1.82 ±0.84 v 
0.2 N ±o.oar ±0.003 :o.86 :1:0.63 VI 
0.5 N ±0.010 :to.005 :1:1.01 :1:0.54 VII 
1 N ±0.050 =0.013 :1:4.80 ±1.47 VIII 
HF (in Ha) 
0.2 N :to.010 =0.003 ±1.19 ±Q.3- IX 
l N ±0.008 :to.oo4 ±o.89 ±o.45 x 
HaS06 
0.02 N ±0.020 :ro.013 *3.01 i-l.58 XIII 
O.l N ::1:0.018 :1:0.010 :1:1.85 :1:1.20 XIV 
0.5. N :to.018 *O.O(J{ :1:2.32 i-1.00 xv 
1 N ::1:0.009 ±0.006 ::1:1.88 :to.96 XVI 
4 N ±0.029 ±0.018 ±3.86 ::1:2.50 XVII 
10 N :ro.021 :1:0.013 ±3.69 ±2.08 XVIII 
ClfeCOOH 
±0.063 %3.09 1 N :1:0.030 :1:5.52 XIX 
2 N :1:0.047 =0.041 :1:4. 64 ±3.46 xx 
CF8 COOH 
±1.66 :1:0.82 1 N :1:0.017 :1:0.007 XXI 
KOH 
O.l N :1:0.009 :1:0.005 :1:0.54 :0.30 XXII 
1 N :1:0.043 ±0.032 :1:2. 74 :1:1. 70 XXIII 
2 N :1:0.083 :1:0.032 :1:5 .24 *2.24 XXIV 
NaOH-
O.l N :0.025 *0.008 :1:1.37 :1:0.46 xx.v 





Deviation of hydrogen over.voltage experimental data from 
the average of duplicate r.uns found for Remington Arms 
titanium in pure electrolytes. 
E1ectro- Deviation (volts) Dev-iation (%) Original 
lyte highes.t'"' average highest:. average tab.le No. 
HF 
0.1 N ±0.028 :1:0.008 :1:2.35 =l-0.80 XXVII 
0.2 N ±0.040 *0.013 *3.48 ±1.38 XXVIII 
0.5 N :to.038 :to.016 ±3.72 :1:1.12 XXIX 
Ha SO,. 
O.l N ::1:0.008 ±0.004 :1.02 :1:0.58 xxx 
l. N :1:0.005 :1:0.002 ::ro.84 :o.4o XXXI 





Deviation of hydrogen ov.ervoltage experimental data from 
the~average of duplicate runs foup.d for pure iodide 
titanium in 0.1 N HF with additions of alkali fluorides. 
Addition Deviation. ~volte) Deviation. '%) Original 
agent highest aver.age highest, averag_e tab.1e No. 
NH-.F 
l M :1:0.004 :1:0.002 :1:0.38 =0.23 DCCIII 
4M :1:0.006 :to.003 :ro.53 :1:0.29 -xx.xv 
8 M :1:0.012 :1:0.005 ±0.99 :1:0.46 'X:XXVI 
~ .NaF_ 
0.01 M ±0.007 :1:0.003 :to. 76 :to.52 DCCVII 
0.02 M ±0.015 ±0.006 :t:1.02 ±0.52 XXXVIII 
O.l M ±0.008 ±0.003 :1:0.61 ±0.27 XXXIX 
0.2 M :ro.009 ±0.002 ±o.66 :1:0.13 XL 
0.3 M :1:0.025 :1:0.007 :1:1.62 ±o.48 XLI 
0.5 M :1:0.026 :1:0. li>ll ±1.38 :to. 73 XLII 
l M ±0.011 :a.cos ±0.85 :1:0.28 XLIII 
KF 
O.l M ±0.029 :1:0.012 •2.38 :t1.04 XLIV 
0.5 M ±0.018 :0.009 :1:1.40 :1:0.61 XLV 
1M ±0.021 :1:0.006 :1:1.25 :1:0.50 XLVI 
2 M :1:0.027 ±0.006 :1:3.18 :1:0.51 XLVII 




The final average percent deviation for all the ex-
periments listed in the three tables is calculated to be 
approximately 0.97%, although the average percent devia-
tion for a few experiments (such as those in acetic acid) 
goes as high as ~.46%. 
The lack of close reproducibility of the experi-
mental data is very likely due to the fact that hydrogen 
overvoltage is influenced by so many factors, as was 
pointed out in the introductory chapter of this disserta-
tion. A.~ons these factors, the one most difficult to re-
prod~ce is the surface condition of the electrode. .4..no-
\ 
ther factor, which may have a very appreciable influence, 
is the temperature, w1 th the room temperature of our la-
boratory varying between 23°C in winter to somewhere 
around 35°c in summer. The experiments of this 1nvest15a-
tion continued over a period of eighteen months, and so 
covered this entire ran5e of variation of room tempera-
ture. However, experiments with the same electrolyte were 
usually done on successive days or weeks, so that the ac-
tual variation of room temperature for the experiments 
usinf the same electrolyte seldom exceeded a difference of 
5°c. Temperature corrections were made for the potential 
of the standard 1 N calomel electrode according to the 
formula, 
£.t = c.2800 + 0.00025 (t-25°C) 
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but no information was available on how the overvoltage on 
titanium may change with temperature. It is said that for 
most metals there is an increase of 0.002 volts (in the 
more positive direction) in hydrogen overvoltage for each 
degree (centigrade) rise in temperature 5o), but it is un-
certain whether titanium will behave in this same way, as 
50) Glasstone, s., Textbook of Physical Chemistry, D. Van 
Nostrand Co., Inc., 1019, (1946) 
some metals do act differently in this respect. Besides, 
the influence of temperature may be so small (as just 
pointed out) that it falls completely within the error 
limits discussed. 
It would be of interest to study the effect of tem-
perature on the change of the hydrogen overvoltage. Such 
experiments were not included in this investigation be-
cause of the fact that the wax insulation used at the 
electrode cannot stand temperatures above 95°C, and an 
accelerated evaporation of electrolyte may take place. 
For work at temperature lower than room temperature, com-
plicated equipment would be needed for temperature con-
trol. For these reasons, the determination of the over-
vol tage temperature coefficient 1 d~/ dt, was abandoned. 
Cther factors such as pressure, radiation, etc. 
would not seriously affect the data of this investigation 
154 
because the influences of these factors, while they may 
not be insignificant, did not vary sufficiently to be ta-
ken into account. 
(B) The abnormal change in the notential of the 
titanium cathode in decreasing current densities as ob-
served in hydrochloric and hydrobromic acids. 
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It was mentioned in Chapter VI, that when the hy-
drogen overvoltage measurements were traced back, with 
decreasing current density. in hydrochloric and hydrobromic 
acids, the cathodic potential of the titanium electrode 
became much more positive than did the corresponding value 
measured at increasing current density. Most especial~y 
was this noticed at very low curr-ent densities, and when 
the external current was shut off, the potential became as 
much as +0.9 volts in some cases. (See Tables XI and XII~ 
Such a phenomenon does not occur with other electrolytes, 
and so some attempts were made to find an explanation. 
It was noticed in those experiments with hydrochlo-
ric and hydrobromic acids that free chlorine and bromine 
uere developed during electrolysis. They can be readily 
detected by their pungent smell, by the color of the solu-
tion (yellowish-5reen with chlorine and brownish-red with 
bromine), and by the test that the addition of a few drops 
of the electrolyte solution to a solution of potassium 
iodide will displace iodine from the latter. Could it be 
possible that the abnormal cha.nge of potential uas due to 
the free halogens liberated during the electrolysis? If 
so, the introduction of chlorine during electrolysis into 
an electrolyte containing no halide would shift the poten-
tial of the titanium cathode to a more positive value at 
a certain current density. An experiment was therefore 
set up and tried in which sulfuric acid was used as the 
electrolyte and chlorine, Which Was generated in a test 
tube by the addition of hydrochloric acid to potassium 
permangnate, 
16HC1 + 2KMnO~ = 2KC1 + 2 MnC12 + 5Cl2 + 8H2 0 
was introduced into the electrolyte for a period of about 
three minutes. The result was that there was no appreci-
able change in the cathodic potential of the titanium 
electrode at the same current density when measured five 
and ten minutes later. Therefore the speculation just 
proposed is disproved. 
Another possibility could be that the halo5ens li-
berateQ during electrolysis mic;ht have attacked the pla-
tinum anode. Talrins chlorine as an example, the reaction 
m15ht be as follows: 
Pt + 4Cl = PtC14 
Then the platinum ions possibly could migrate to the ca-
thode and be discharged and deposited there. In this man-
ner a thin platinum layer deposited on the titanium ca-
thode could produce a noble potential. It is true that a 
greyish black film was found on the surface of the titan-
ium cathode in the course o the experiment. However, as 
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already pointed out in Chapter VI, (pp. 69 - 70) spectrum 
analyses of the film material did not reveal any platinum 
lines in these films. Therefore this explanation is also 
disproved. In addition, an experiment was also made with 
hydrochloric acid, using a highly purified ~pectroscopic 
carbon electrode as the anode; and on running back with 
decreasing current density, the abnormal change was still 
noticed, showing that platinum did not cause the increase 
\ 
in the cathodic potential. 
It was noticed by Schlain 5l) that with the addi-
tion of small amounts of salts of mercury, copper, gold, 
51) Schlain, D., Certain Aspects of the Galvanic Corrosion 
Behavior of Titanium, u. S. Department of Interior, 
Bureau of Mines Report of Investigation 4965, (1953) 
and platinum to hydrochloric acid, the potential of a ti-
tanium electrode immersed therein became much more noble 
(or positive), while there was no visible noble metal de-
posited on the titanium by a displacement reaction. 
Schlain did not give an explanation for the phenomena ob-
served. There is the possibility that the phenomenon ob-
served here was also due to the presence of a very small 
amount of platinum ions presumably formed by the attack of 
free halogens on the platinum. This is not likely because 
the pure carbon anode also showed a similar result. 
¥That exactly is the cause o~ this strange phenome-
non, was_not determined, but the experiments definitely 
denied the speculations just suggested. 
,(C) Does hydrogen ion concentration affect the 
hydrogen overvoltage? 
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Hydrogen ion concentration is listed by some 
authors 21 3) as one of the factors that influence hydro-
gen overvoltage. According to Glasstone 5o), the result 
2) Straumanis, M. E., and Schwab, G. M., Loe. Cit. 
3) Bockris, J. O!M., Loe. Cit. 
50) Glasstone, s., Loe. Cit. 
obtained from changing the hydrogen ion concentration is 
not certain, but it appears that at low current densities 
the hydrogen overvoltage is independent of the pH, at 
least in acid solutions. Lavina and Zarinskii 52 ) claimed 
that the hydrogen overvoltage on mercury is independent of 
the pH, in dilute acid solutions from pH 4 to pH l; but on 
the other hand, DeBethune and Kimball 53) found that at 
52) Levina, S., and Zar1nski1, V., Journal of Physical 
Chemistry, u.s.s.R., 9, 621-630, (1937) 
53) De3ethune, A. J., and Kimball, G. E., Journal of 
Chemical Physics, ll,_, 53, (1945) 
higher hydrogen ion concentrations, the overvoltage de-
creases (or becomes more positive). 
Our experimental results definitely revealed the 
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fact that hydrogen ion concentration has a very important 
effect on the hydrogen overvoltage on titanium. As wider 
ranges of acid concentrations were covered in the experi-
ments using pure iodide titanium in hydrofluoric and sul-
furic acids, this question will be discussed more fully 
using these two acids as examples. 
1. Hydrofluoric acid. 
As pointed out in Chapter VI (pp. 55-58), the hy-
drogen overvoltage on pure titanium in hydrofluoric acid 
bears a linear relation to the current density, with the 
exception of very low concentrations such as 0.005 N, 
which will be discussed in a. later part of this chapter. 
This relation can be expressed mathematically by an equa-
tion of the form: 
1'l_ =a' + b 1 i ••••••••••••••••• (13) 
where "l stands for hydrogen overvoltage in volts, 1 repre-
sents current density in ma/cm2 , and a' and £' are cons-
tants. To be dimensionally correct, a' must be in the 
same units as ll., which in this case is volts; while b' 
must have a unit of vol ts/(ma/cm2 ). An examination of Fi-
gure 10 in Chapter VI (page 59) clearly shows that both~· 
(the intercept) and £' (the slope) change with the acid 
concentration. In order to calculate ~· and b' more 
accurately, this figure was reproduced one. much larger 
scale so that points could be plotted on their coordinates 
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to the accuracy of the third decimal place. The fntercept 
on the potential a.Y1s, of a line plotted in this graph, is 
the ~· constant. The £' constant can be evaluated from a' 
and the overvoltage at a certain current density. For ex-
ample, the intercept {or a' ) of the line representing 0.05 
I -
N acid is -0.760 volts, and the potential at a current 
density of 10 ma/cm2 reads -0.864 volts. Consequently, 
-o.864 = -0.160 + lO b' 
6iving b' = (-C. 64 + 0.760)/10 = -0.0104 volt/{ma/cm2 ). 
-
Table LIV shows the values of a' and b' calculated in this 
- --
manner for different concentrations of hydrofluoric acid. 
Figure 31 (page' 163) and 32 {page 164) respectively show 
the plots of~· and£' against the normality of the hydro-
fluoric acid. From these figures, approximate values of 
a' and b' for a certain concentration of hydrofluoric acid 
can be reed directly. For example, we would eypect ~· to 
be about -C.8 volts, and b 1 , about -O.OC2 volt/(ma/cm2 ) 
for 0.3 N hydrofluoric acid as estimated from the 5raphs. 
Generally spea~ci113, these fi5'l.1I'es show that in the case of 
hydrofluoric acid,~· tends to become raore ne·ative, and 
b' more positive with an increase in acid or hydrosen ion 
concentration. Figure 33 on pa.Ge 165 is a three-dimen-
sional plot of the hydrogen overvoltage, current density, 
and normality of the hydrofluoric acid. 
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Tab1e: LIV 
Values of ~· and b 1 in differ_ent concentrations of HF. 
Concentration of HF a' b' 
-(N) (v.olts) vol ts/(ma/cm2 ) 
0.01 I 
-0.732 -0.0297 
0.05' -0.7.60 -0.0104 
0.1 -0;772 -o. 040 
0.2 
-0.787 -0.0035 
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Figure 31 
A 3-dimensional diagram showing the hydrogen over-
vol tage, plotted against the current density and 
the normality of hydrofluoric acid. 
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2. Sulfuric acid. 
The hydrogen overvoltage on titanium follows Tafel~ 
logaritr..mic relationship with respect to current density 
in sulfuric acid. Or, expressed mathematically, 
1/_ = a + b log 1 •••••••••••••••••• {4) 
wherell. and i represent overvolta~e (in volts) and the 
current_density (in ma/cm2 ) respectively, while~ and b 
are constants. In this equation, both ~ and b must have 
the same uni ts. as "'l_ , 1. e. , vol ts. A revi el": of Figure 14 
o~ Chapter VI (page 79) shows that both~ (intercept) and 
b (slope) chall6e with the concentration of sulfuric acid. 
These constants can be calculated by a method similar to 
that used for calculatill6 ~· and b 1 in the case of hydro-
fluoric acid. The only difference beins ~hat in the pre-
sent case we have to use the 105ari thm of the current den-
sity instead of the current density, which was used in the 
former case. For example, ue find in our enlarged scale 
grap~ that the intercept (~) of the line representill6 0.5 
N sulfuric acid is -0.505 volts, and at a current density 
of 10 ma/cm2 , the corresponding overvolta0 e is -0.680 
volts; therefore, 
-0.680 = -0.505 + b log10 10 
= -0.505 + b x l 
givins b = -0.680 + 0.505 = -0.175 volts. 
Table LV is constructed to give values of ~ and £ calcu-
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lated in this way for each concentrat~on of sulfuric·acid 
used in these experiments. Fi5ure 32 (on page 169) and 
Figure 33 (on page 170) show respectively the plots of ~ 
and £ against the normality of the sulfuric acid. These 
fi~ures can also be used to evaluate the approximate va-
lues of a and £ for a certain concentration o~ sulfuric 
acid. In general, both ~ and £ tend to become more posi-
tive with increase in acid or hyd.ro~en ion concentration. 
The difference in significance of these two constants from 
that of ~· and ]?..' should be noticed: ~· being the po~en~ 
tial at zero current density, while ~ is the potential at 
the current density of l ma/cm2 ; b.' has the dimension o:r 
volt/(ma/cm2 ), while b has the dimension of volt. Figure 
34 on pa5e 171 is a three-dimensional plot of the hydrogen 
overvoltase, the logarithm of the current density, and the 
normality of the sulfuric acid. 
Similar tendencies, sometimes not quite so marked, 
were also observed in other electrolytes, but not enough 
data are available for the construction of similar sraphs 
for those electrolytes. However, it can be decisively 
conclu~ed that the hydrogen ion concentration is a very 
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(D) Linear versus loearithmic relationship between 
hydrosen overvoltage and current density. 
A very peculiar, and yet interesting fact, ,found in 
this investigation is that the hydrogen overvoltage on ti-
taniwn shows a linear relationship with the current densi-
ty in hydrofluoric acid; but it shows a 103arithmic,·or 
the so-called Tafel relationship in all other pure elec-
trolytes. Furlihermore, it was noticed that uith the addi-
tion of sufficiently large amounts of alkali fluorides 
{including ammonium salt) to hydrofluoric acid, the linear 
relationship failed and the logarithmic relationship re-
sumed. A question naturally arises as to what causes the 
difference shown in this instance. 
Evidently this difference is not due merely to the 
presence of F- ions, because the addition of a large 
amount of alkali fluoride to hydrofluoric acid furnishes 
even more F- ions, but then the linear relation fails, and 
instead the logarithmic relation appears. 
If we examine the behavior of titanium in these 
different electrolytes, it is easily observed that titan-
ium dissolves readily in hydrofluoric acid uith the evolu-
tion of hydrogen, but the dissolution is either absent or 
inappreciable in other electrolytes. This behavior may 
indicate that a linear relation between the overvoltage 
and the current density exists in an electrolyte in which 
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titanium dissolves readily; while the losar1thm1c re1a~1on 
holds in electrolytes in uhich titanium does not dissolve 
appreciably and hydro5en developes only through electroly-
sis. This speculLtion seems to be favored by the follow-
ing facts: 
(I) In those experiments of adding alkali fluorides 
to ~_ydrofluoric acid (see Chapter VIII), it was noticed 
that the logarithmic relationship definitely holds only 
when a sufficient amount of fluoride has been added, and 
then the dissolution of titanium is almost completely sup-
pressed. In the case of sodium and potassium fluoride 
\ 
additions, it was further noticed that the cha.nee from a 
linear relationship to a logarithmic one is not abrupt, 
but rather gradual, approaching more and more to a logari-
thmic curve with higher and higher concentrations of added 
fluorides. This change is accompanied by a relative de-
crease in the rate of dissolution, as estimated roushly by 
the evolution of hfdrogen bubbles from the exposed surface 
of the titanium. The retarding of the dissolution of ti-
tanium in hydrofluoric acid, by adding alkali fluorides, 
can be explained. by a combined effect of hydrolysis, com-
mon ion effect, and a. decrease in the potential of the lo-
cal cathodes 54). \1hatever the explanation may be, those 
54) Straumanis, M. E., and Gill, c. :a., Journal of Elec-
trochemical Society, ~. p.13, January, 1954. 
experiments did show that the logarithmic relationship 
does hold in such cases, where the dissolut ion is com-
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pletely suppressed ,by the addition of sufficiently large 
amounts of alkali 1~luorides. 
(2) A closer ·examination of Figure 10 (see page_ -59) 
I 
shows that the linear relatio~ship does not hold quite so 
well in the case of very low concentrations of hydrofluo-
ric acid, such as 0.005 N. The initial part of the curve 
is quite steep, but it flattens off, and on the whole 
looks somewhat like a logarithmic curve, although a semi-
logarithmic plot (see Figure 9, page 57) gives only an 
approximately straight line. In a solution of such a low 
concentration of hydrofluoric acid, the dissolution of ti-
tanium is not very significant; and the deviation from the 
linear relationship, which approaches a logarithmic one, 
seems to support the view that the linear relationship 
holds only when the dissolution of titanium is,signifi-
cant. 
(3) If the 105arithmic relationship holds only in 
the electrolytes in which titanium does not dissolve ap-
preciably, then the addition of potassium fluoride to sul-
furic acid should change the logarithmic relationship to a 
linear one, because such an addition would cause dissolu-
tion Qf titan~um to take place 54 ). To test this, a solu-
tion uas prepared in which potassium fluoride was added to 
175 
54) Ibid., p.11. 
sulfui~ic acid to make the concentration 0.1 N with respect 
to both. Cvervolta.ge measureraents in such a solution were 
I 
then made. Tab1e LVI shows the experimental data, and Fi-
gure 35 on page 177 shoT·rs the plots with both rectangular 
and semi-logarithmic coordinates. It can be clearly seen 
that the relationship is linear, although a breax in the 
straight line is present, which also occured when O.l M 
potassium fluoride was added to hydrofluoric acid. 
It seems, therefore, that the assumption of a con-
nection existing between the dissolution of titanium on 
one hand, and an overvolta5e-current density relationship 
on the other hand, is sunported by the experimental facts. 
The mechanism of the phenomena is not mown. :E>robably, 
the hydrogen developed due to dissolution, on the surface 
of titanium electrode shields a part of tr-e electrode and 
hence chane;es the actual current density. Another possi-
ble reason is that in those electrolytes in '·rhich ti tani 
does not dissolve, there is a thin film of oxide or salt 
which changes the sur~ace condition of the t1ta..~1um. How-
ever, the latter explanation is open to some objection as 
a greyish-black film '\!as also observed on titanium in a 
certain range of concentrations of hydrofluoric acid, 
While the linear relationship nevertheless still held tru 
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Tab1e LVI 
Hydrogen over.v.oltage on pure iodide titanium in 0.1 M 
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ff¥drogen overvoltage on pure titanium in a 
solution containing 0.1 N eultur1o ao1d and 
0.1 ll potassium ~luorido. 
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(E) Conclusion with regards to electrodeposition 
and corrosion. 
The-importance of the information on h.ydrosen over-
volta~e in electrodeposition and corrosion of metals has 
been pointed out, in the introductory chapter. ·.'lhat infor-
mation can be furnished in these two respects by this in-
vestigation? 
In general, a metal can be deposited from an aque-
ous solution by e1ectrolys1s if the hydrogen overvoltage 
on this metal is more negative than its electrode poten-
tial, with regard to its ions. The experimental data of 
I 
this investigation show that the hydrogen overvol tage on 
titanium has such negative values as would fa~or electro-
deposition of this metal from aqueous solutions. Besides, 
addition agents have been found that can be us..ed to make 
the hydrogen overvoltage still more negativ.e. However, 
attempts by many investi5ators to electrodeposit titanium 
from aqueous solutions have been thus far unsuccessfU.l. 
Failure in tr.is aspect must be attributed to reasons other 
than the hydrogen overvolta5e, uhich has been proved to be 
favorable. The electrodeposition of a metal is not deter-
mined solely by the hydrogen overvoltage, although it is 
a very important factor to be considered. 
Titanium has been kno'trn to be a very corrosioh re-
sistant metal in ordinary environment. However, many me-
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ta1s, such as platinum, nickel, etc., though corrosion re-
sistant by themselves, act as harmful local elements it 
they are present with baser metals llllder corrosive condi-
tions. Will titanium be harmful by causing the corrosion 
of o~her metals ~t they happen to be present together? 
The answer is most probably "no", because titanium has a 
very negative hydrogen overvoltage. It could be harmful 
only to those metala whose electrode potential is even 
more negative than that of titanium. In this respect the 
possibilities are very limited. For example, aluminum 
might be one of such metals with its negative electrode 
potential, but aluminum readily becomes passive by the 
formation of a thin protective oxide film. Titanium, be-
cause of 1 ts very negative hydrogen overvol tage, can be 
safely used in combination with the common metals without 




The ~.ydrogen overvoltage on titanium electrodes was 
measured in various concentrations of different electro-
lytes by the direct method, i.e., potential measurements 
were made during the passage of electric current. Elec-
trolytes used were the inorganic acids, hydrofluoric, hy-
drochloric, hydrobromic, and sulfuric; the organic acids, 
acetic and trirluoroacetic; and the bases, sodium and po-
tassium hydroxide. H16h purity iodide titanium uas used 
I 
for most o:r the experiments, but less pure Remington Arms· 
titanium was also used in some experiments with hydrofluo-
ric a.nd sulfuric acid solutions. Uith pure titanium in 
hydrofluoric acid, the effect of adding alkali fluorides 
in various concentrations, as well as of adding some small 
amounts of organic substances, was also studied. Most of 
the experiments were carried out in air, because it was 
found by comparing with experiments done in hydrogen that 
the effect of air is to shift only slif;htly the hydrogen 
overvoltage in the more positive direction. 
The hydrogen overvol tage on titanium does not obey 
Tafel's law in the case of hydrofluoric acid, but it does 
in all other electrolytes. In the case of hydrofluoric 
acid, it was found that the overvoltaee bears a linear, 
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instead of logarithmic, relationship to the current densi-
ty. The addition of alkali fluorides to hydrofluoric acid 
makes the overvoltage much more negative. When a suffi-
cient amount of such fluorides is added, the logarithmic 
or Ta.tel relationship resumes, and in the meantime the 
dissolution of titanium is completely suppressed by such 
an addition. Arabic gum and agar-agar also makes the hy-
drogen overvoltaae more ne5ative, but methyl blue acts in 
the opposite direction. 
Hydrogen ion concentration was proved to be an im-
portant influencing factor for the hydrogen overvoltage on 
titanium. In general, the hioher the hydrogen ion concen-
tration, the more positive uill be the ~ and £ constants 
of Tafel's equation. In the case of hydrofluoric acid, 
tor which Tafel's law fails to apply and a straig.~t line 
relation between overvoltage and current density exists, 
an increase in hydrogen ion concentration causes the in-
tercept of the lines to become more negative, but the 
slope tends to become more positive. 
Whether the overvoltage versus current density re-
lationship is linear or losarithmic depends upon whether 
or not the titanium dissolves in the electrolyte concerned. 
If dissolution of titanium takes place in an electrolyte 
with the evolution of hydrogen, the relationship 1s line-
ar. If dissolution is absent or insignificant, then the 
182 
relationship is logarithmic. 
As f'ar as the hydro6en overvoltage is concerned, 
the electrodeposition ot titanium from aqueous solution 
should be tavorab1e. Unsuccessf'ul attempts in this aspect 
must be attributed to other reasons. 
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